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Abstract

The retention of most compounds in RPLC proceeds through a combination of several independent mechanisms. We review a series of re
studies made on the behavior of several commerciglb@nded stationary phases and of the complex, mixed retention mechanisms that were
observed in RPLC. These studies are essentially based on the acquisition of adsorption isotherm data, on the modeling, and on the interpretati
these data. Because linear chromatography deals only with the initial slope of the global, overall, or apparent isotherm, it is unable fublg to desc
the complete adsorption mechanism. It cannot even afford clues as to the existence of several overlaid retention mechanisms. More specifica
cannot account for the consequences of the surface heterogeneity of the packing material. The acquisition of equilibrium data in a wide noncentr:
range is required for this purpose. Frontal analysis (FA) of selected probes gives data that can be modeled into equilibrium isotherms of these pr
and that can also be used to calculate their adsorption or affinity energy distribution (AED). The combination of these data, the detailed stt
of the best constants of the isotherm model, the determination of the influence of experimental parameters (e.g., buffef, pehgetgiure)
on the isotherm constants provide important clues regarding the heterogeneity of the adsorbent surface and the main properties of the adsor
mechanisms. The comparison of similar data obtained for the adsorption of neutral and ionizable compounds, treated with the same apprc
and the investigation of the influence on the thermodynamics of phase equilibrium of the experimental conditions (temperature, average pres:
mobile phase composition, nature of the organic modifier, and, for ionizable compounds, of the ionic strength, the nature, the concentration of
buffer, and its pH) brings further information. This review provides original conclusions regarding retention mechanisms in RPLC.
© 2005 Elsevier B.V. All rights reserved.

Keywords: RP-HPLC; Retention mechanism; Adsorption isotherm; Frontal analysis; Adsorption energy distribution; Adsorption data reproducibility; Columr
heterogeneity; Organic modifier; Temperature; Pressure; lonizable compounds

Contents
R 1o 1o o [T oo 2
2. Methods used to study adsorption MEChANISIMIS. . . . ... ..t ettt e e e e e e et et e 4
2.1. Thefrontal analysis Method. . . ... .. o i e e e e e 5
2.2. Calculation of the adsorption energy distribUtION. . ... ... oo 8
2.3.  The equilibrium dispersive MOdel. . . . ... .o 10
2.3.1. Initial and boundary conditions forthe ED model. . ... e 11
2.3.2.  Numerical solutions of the ED MOdel. . ... ... e e 11
2.4.  From the isotherm data to the isotherm model. . . .. ... e 11
3. AdSOrptioN ISOtherM MOGEIS. . ..o oot e e e et e e e e e e 11
3.1. Nature of the solute and curvature of the adsorption iSOtherm. . ... e 12
3.2, Mathematical MOGEIS . . . ... o e e e e e e e e 15
3.2.1. Isotherms of group |: monolayer adsSOrPlion . ... ...ttt e e e e 17
3.2.2. Isotherms of group Il: multilayer adsorption . . ... o 17

* Corresponding author. Tel.: +1 865 974 0733; Fax: +1 865 974 2667.
E-mail address: guiochon@utk.edu (G. Guiochon).

0021-9673/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.09.082



2 FE Gritti, G. Guiochon / J. Chromatogr. A 1099 (2005) 1-42

O 0 =] 111 1 - | 17
o I O 4 =T 0o 17
4.2, ChromatographiC COIUMNS. . . ... e e e e e e e e e e e e e e e e e e 18
O FO Y = 1 = (11 18
5. Reproducibility of adsorption isotherm data. . .. ... ... 18
Bl PaCKed COIUMIIS . . e e e e e e e 18
5.1.1. Brand-to-brand differenCes . . ... ..o e 18
5.1.2. Batch-to-batch reproducCibility. . . ... ... e 20
5.1.3.  Column-to-column reproducCibility . . ... ..ot 21
5.2, MONOIIthiC COIUMINS . . . .o e e e e e e e et e s 22
6. Heterogeneity Of RP-gHPLC COlUMNS . .. ...t e e et e e et e e e e e e et e e 22
6.1. The necessity of calculating the AED. . . . . ... e e e e e 23
6.2. Comparison of the surface heterogeneity of various typeggdb@hded columns. ........... ... ... ... 24
6.2.1. Endcapped and non-endcapped Materials . . . . ...t 24
6.2.2.  Monolith and packed COIUMNS . ... ... e e e e e e e e 25
6.2.3.  Monomeric and PolymMeriC COlUMNS . .. ... o e e e e e e e e e e 25
6.3. Monomeric endcapped packeg®onded COIUMNS. . . .. ... .. e e e e e e 27
6.4.  “Supersites” of adsorption iN RPLC. .. ... .. e 28
6.5. Could the heterogeneity of RPLC adsorbents be contralled?. . ... i i 29
7. Experimental conditions and adsorption isotherms of neutral COmpoUNdS. . ... ... i e 30
7.0, EffECt Of PrOSSUIE. . .t 30
7.2, EffeCt Of temMPErature . . . ... e 31
7.3. Effect of the mobile phase COMPOSIHION. . .. ... oo e e 32
7.4. Effect of the nature of the organic MOdIfier . . ... ... e 33
8. Experimental conditions and adsorption isotherms of ionizable compounds. . ... 34
8.1. Absence of buffer and sUPpOrtiNg SAILS. . . .. ... o e 34
8.2.  AdSOrption iSOtherm and PH . . ... o 36
8.3.  Adsorption isotherm and ionic Strength . . .. ... . o 38
8.4. Adsorption isotherm and buffer valence . . ... ... .. 38
0. CONCIUSION « . ettt e e e e e 39
ACKNOWIBAGIMENES . . . o oottt e e e e e e e e e e e e 40
RTINS, . . .t e 40

the interactions of these probes with the surface depend largely
on the nature of the probe. The nature of the AED explains the

The surface of all modified adsorbents is heterogeneous. Th&omplexny of the eqwhbnum |soth§arm of a probe petween a
olid adsorbent and a solution. This phenomenon is generally

phenomenon arises from the tendency of the elemental impuri— : . ; ;
ties of the material making the bulk of the adsorbent (e.g., alu- hown In Chromatography as m'x‘?‘?' rete_ntlon mechanisms. lts
mina, boron or iron in silica) to segregate at the surface. Foreigﬁonsequences are particularly insidious in RPLC_:‘ .
elements are more concentrated on the surface of adsorbents tha}nRP.LC has become the mpst popu_lar mode .O.f |mplementat_|on
in their bulk and only high purity adsorbents have relatively ho-° fa.lutlon HPLC' It owes this preemlngr_\t position to the avail-
mogeneous surfaces. Furthermore, the presence of the surfdt Jlity of highly pure microparticles of silica that can be bonded

itself generates stresses and strains of the bonds involving polt- a yarlety of_non polar or mod(_arately p_o_lar gro&p@,\/!ng .
valent atoms located at the solid interface or in its immediat acking materials of great chemical stability. The availability

vicinity. The presence of various element impurities on the sur—of these materials a score ago was a considerable progress over

face and these bond strains cause a heterogeneous distributI rqsetoff_the early ages Tf qudui%aliqguoitoj/cr}rﬂgﬁtcogra[;hw].
of the adsorption energy (AED) of different probes. The prop- wenty-five years ago, already c-<uv analyses were

erties of this distribution depend on the nature of the probe use(&a.med out W'th columns packed W.lth these ghemlcally bo'nded
and the adsorbent considered. On the adsorbent the surface lfca materialg5]. It seems that this proportion has remained

which is closest to an ideally homogeneous one, graphitized Ca_eTshame. ducts of th fi tant chemical. bi dical
bon black, there are occasional steps between successive Ogl € products ot the most important chemical, blomedical,

1. Introduction

planes. In contrast, the surfaces of the porous silica particles us d, gnd EJ:alr)ma_ceuft:;:?)IngdustTet_s alr € prcisuﬁ?r?’ so_ijd and de-
as the base material for the preparation by chemical bonding ered on the basis o analytical results. 1his wide range

suitable ligands of the packing materials used in reversed—pha&-t\ appllcatlons_of RPLC, in turn, has contrl_buted to_ the devel-
opment of an important group of companies making modern

(RPLC) or hydrophobic interaction (HIC) chromatography, are i .
highly heterogeneous. The profile of the AED of a probe, par-RPLC columns. Manufacturers keep preparing and developing

ticularly the number, the width, and the position of its modes,
may characterize the degree of heterogeneity of the surface. The |t the group is polar, the separation is not made in RPLC and this topic is
AEDs of different probes on a given surface are different sinceutside of the scope of this review.
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new stationary phases with higher mechanical strength, better ref a broad spectrum of possible retention modes in RPLC. This
producibility, faster mass transfer kinetics and higher efficiencyframe of understanding of the retention mechanisms in RPLC is
broader pH range stability, higher selectivity (whatever way itjustified by the heterogeneous nature of the adsorption layer and
is defined), etc. The last decade has seen the rapid emergermethe complex organization of the interphase layer. It has been
of new solid supports, e.g., polymer particles, hybrid particlesdemonstrated that alkyl bonded phases are made of ordered and
silica particles covered by a complex grafted organic layer. Al-disordered regions, regions that were observed in FI8R0]
though these products seem in general to perform better and betad in NMR[21-23] Accordingly, the overall retention of an

ter, our understanding of the retention mechanism(s) involvednalyte in RPLC is more the result of a complicated convolution
in a separation has not much improved. of many different interactions happening simultaneously.

The retention of analytes in RPLC is fundamentally deter- The lack of a clear understanding of the retention mechanism
mined by their distribution between a liquid polar mobile phasein RPLC is largely due to the fact that practically all investiga-
and an apolar stationary phase consisting of an organic laydipns of retention mechanisms made so far rely on the acquisi-
most often made of alkyl chains but sometimes of a hydrocarbotion of chromatographic data measured under linear conditions.
polymer, that is bonded to the silica surface. This equilibriumMost models used in linear chromatography assume that the fun-
is not strictly a liquid—solid equilibrium because the solid ad-damental equilibrium constaft that describes the distribution
sorbent is covered by a chemically modified hydrophobic layeof an analyte at infinite dilution between the stationary and the
which has a finite thickness, up to Ador C3p-bonded phases. mobile phase is simply the product of elementary equilibrium
Because of the relative mobility of these chains, this layer caneonstantsK;, each one describing a particular type of molecu-
not be considered as the sharp interface existing at conventionlalr interaction§24—27] These interactions, hydrophobic, steric,
solid-liquid interface. However, it cannot be considered as aonor and acceptor hydrogen-bonding, and ion exchange inter-
liquid either because the alkyl chains are attached to the suactions, are supposed to act independently, so:
face at one of their extremities. In contact with the liquid mo-
bile phase, the layer of bonded alkyl chains adsorbs selectively, g — |n H Kj=
the components of the mobile phase, swells to a degree, and ; 4
forms a thick solid—liquid interface which has a complex struc-
ture. The physical properties of this interface have not yet beeRach free energy termG ; is assumed to be the product of the
clearly established despite numerous investigations motivategPlute descriptod; characterizing the type of interactionand
by our suspicion that the understanding of the structure of thighe term &s ; — am, ;) that characterizes the pair of stationary (s)
hydrophobic layer is the key toward a general understanding ctnd mobile (m) phase selected.
retention mechanisms in RPLC. Such empirical Linear Free Energy Relationships have been

An early RPLC retention model was based on the assum‘jaxtensively used to characterize RP column selectivities and
tion that the formation of a suitable cavity in the mobile phasemany sets of retention data were successfully fitted to such a
to accommodate the ana|yte molecule was the key Step inthe rgIOdel. Although this model takes into account the fact that a
tention mechanism (solvophobic thed8]). Accordingly, this ~ Solute may simultaneously interact through different types of
model assumed that the retention of a compound depended d8termolecular interactions with the stationary phagex( as ;)
sentially on its size and on the surface tension of the mobil@nd the liquid phasei{ x am,;), it fundamentally neglects the
phase. The limit of this model became obvious when experfacts tha(l)the stationary phase might be heterogeneous, hence
imental data showed that retention was also governed by tH&at the termss ; are not necessarily unique but depend on the
density and the length of the alkyl chains bonded to the silic®0sition on the surface ar{@) there might be several different
surface[7-9]. The differences observed were unambiguouslymicro-environments in the liquid phase (as is the case with ACN
interpreted as originating from variations of the phase fafle  [113]), each having a differeaty, ; term. As we explain later, all
14] Long ago, it was Suggested that the structure of the bond&pnventional RPLC adsorbents are heterogeneous. If we call
layer is such that it could explain the simultaneous presence dhe type of adsorption sites on the stationary phase and if we as-
adsorption and partition sit¢$5,16]. Thus, new models which Sume an homogeneous liquid phase, a consistent way of writing
include the characteristics of both the mobile and the stationariie equilibrium constant” would be:
phases were elaborated. The partitioning m@t&8]in which i=N
the analyte is transfered from the mobile phase to the stationary — Cs M = Z fiKi(T)
phase accounted far better for the experimental data than ear- Cw Cm =1
lier models. The retention factors of analytes were successfully
correlated with their partition coefficients between water and
n-octane, shown to be proportional to the molecular size of the — ANILE
solute, and to be directly affected by their solubility in the mobile
phase. However, the driving force for solute adsorption that wasshereNs ; is the amount of compound in the subphasg the
measured appeared smaller than predicted by the partitioningplume fraction of the stationary phase occupied by the sites
model. So, an adsorption model was proposed ingtEad 8] and K;(T) is the thermodynamic equilibrium constant for the
These two models of the actual retention mechanism, the adsorgistribution of the compound between the adsorption siéesl
tion and the partition models, are certainly the two extremitieghe liquid phase.

G
L= Zdj(asj —amj) (D)

()
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Accordingly, the extension of the empirical LFER equationsstants requires that data be acquired in a concentration range

to heterogeneous surface would be: wide enough for the molecular population of each type of sites
to vary significantly in some part of the concentration range in-
vestigated. Inevitably, measurements at very low and at very high
INnK =1In i X dias;i— i 3 . ' S ;
Z fiexp Z i(dsij = am.)) 3) concentrations are necessary to collect sufficient information on
! J

the high and the low energy types of sites, respectively. This
Even though this more complex retention model takes into acapproach has already been used successfully to derive impor-
count the surface heterogeneity of the solid adsorbent, it cann@int information regarding the retention mechanisms occurring
give much information on the physical nature of the chromatoin enantioseparatiorj28—33] to improve our understanding of
graphic system involved, e.g. on the quantity of sites of type some particular separatiof4,35]and to investigate the ther-
gs.i» and on the adsorption—desorption constant on thesebgites modynamic behavior of separations on imprinted polyrigss
(with K; = gs;b;) nor on the adsorption energies on the sites  |n this review, we discuss recent work undertaken to achieve
of typei. The LFER results given by Eql) are empirically  a deeper understanding of the retention mechanism(s) involved
fitted parameters that inform on the contribution of each type@n RPLC on modern gg-bonded stationary phases. Our goals
of interactiong to the overall solute retention. A deconvolution are (1) to summarize useful information on the reproducibility
process would be required to separate the contributions of thef adsorption data that are measured on different packing ma-
density of the different types of adsorption sitgs and of the  terials; (2) to report on the degree of heterogeneity of RPLC
adsorption—desorption constant This can be achieved only packing materials; (3) to present new information on mixed re-
if the experimental conditions allow to perform measurementsention mechanisms in HPLC; and (4) to illustrate the effects of
at concentrations approaching the saturation of the different aghanging the experimental conditions on the adsorption behav-
sorption sites. High concentration samples should be injecteigr of neutral and of ionizable compounds. This work presents a
successively to saturate these different types of sites. The valugattery of new tools that are most effective to compare the per-
of the amount of analyte adsorbed per unit volume of the statiorformance of different materials and to follow progresses made
ary phasey* for each concentration injectedwill be related  in the development of new processes for the preparation of bet-
to the saturation capacitigs; and the thermodynamic equilib- ter packing materials. If affords new solutions for the prediction
rium constant;(d;, as, j, am, ;). Assuming the formation ofan  and the interpretation of retention data. It summarizes an impor-
adsorbed monolayer without lateral interactions between adsofant amount of experimental results on which new theoretical
bate molecules on each type of sites, a general multi-Langmuifodels of retention in RPLC could be based.
adsorption isotherm can be written as:

) = Z . Ki( d; as; ). am’j) C @ 2. Methods used to study adsorption mechanisms
— " gsi + Ki(d). as,i j, am,j)C

The conclusions that we draw later in this review are the re-
Such a model could be further applied in the same way as thsults of an investigation strategy characterized by two important
LFER is applied to linear data, in order to characterize comfeatures. The first one consists in concentrating all the necessary
pletely the chromatographic system (quantity of siteson-  efforts needed to measure most accurately single-component
tribution of each type of interactiorysand overall adsorption adsorption data using a chromatographic method. Admittedly,
energy on each sitd. There are significant new experimental the data needed could have been acquired by a classical static
constraints linked to this approach, arising from a limited solu-method. However, these methods are laborious, they require sig-
bility of the analyte, possible adsorbate—adsorbate interactionsjficantly more chemicals than chromatographic methods (ex-
and solute—solute association (different forms of the same speciept for the mobile phase) and, most importantly, they tend to
being then present in the system). The resolution of the problerne poorly accurate and moderately precise. In contrast, the chro-
remains the same in principle, but more sophisticated adsorptiamatographic dynamic methods have been proven to be highly
models could be considered instead. accurate. Chromatography allows the choice between various
As aforementionned, the retention factors derived are the sugpproaches and technigques to measure adsorption isotherms.
of the different contributions (or Henry constants) originating The one mostly used are frontal analysis (FA), frontal analysis
from the different sites available on the surface of or in theby characteristic point (FACP), elution by characteristic points
bonded layer. A mixed retention mechanism, involving simul-(ECP), the pulse methods, and the computation of elution pro-
taneous interactions (hydrophobic, polar, hydrogen-bond, iofiles (CEP) method orinverse method. The advantages and draw-
exchange, ..) for either adsorption or partitioning sites, can- backs of all these methods are discussed in detail else\@@re
not be satisfactorily resolved by linear chromatography, whichlhe choice of the method used is specific to the problem studied
only measures their sum over all the different types of sitesand depends on the type of equipment available, the possible
The high-energy sites are first to be populated at low concerrequirement for detector calibration, and the cost and availabil-
trations, until they are nearly saturated. So, the population oty of the chemicals studied. When highly accurate adsorption
molecules on low-energy sites becomes important only at higlsotherms are needed, FA is by far the most convenient method
solute concentrations. The accurate measurement of the satiecause it does not require detector calibration (unless mass
ration capacities of the different types of sites that coexist in dransfer kinetics is slow) and it does not depend on the column
column and of their corresponding adsorption—desorption corefficiency. This method is described in the next subsection.
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The second feature of our approach deals with the handling
of the FA adsorption data in order to determine an adsorption
isotherm model which is consistent with the whole set of data
collected and makes physical sense regarding the chromato-
graphic system studied. Specific representations of the adsorp-
tion data (e.g., Scatchard plot), statistical analysis of the data
(using e.g., multi-linear regression analysis, the Fisher parame-
ter), calculation of the adsorption energy distribution (using the
Expectation-Maximization method) and the comparison of cal-
culated and experimental overloaded band profiles permit the
selection of a model, the derivation of the best estimates of its
parameters, and the validation of the isotherm obtained. The dif-
ferenttools required to perform these operations successfully are 0o/ Elution volume ﬁl‘al
presented in the next few subsections. Finally, there is strength ~ ®xra-column h°",°(')'|:ﬁ1‘;°\'lum" volume
in numbers. The accumulation of many adsorption isotherms, £ ¢
involving numerous compounds (with e.g., different rTmlecu'Fig. 1. Frontal analysis method of determination of the equilibrium concentra-
lar sizes, polarities and polarizabilities, iogenic abilities) and &ions in the stationary phase. The breakthrough curve is represented by the thick
wide range of experimental conditions (e.g., temperature, preselid line. The two-hatched surfaces on the left side &nd A>) represent the
sure, mobile phase composition, nature of the organic modifier’EaSS of compound in the extra and dead column volumes. Thelaregresent
will permit a greater sophistication in our analysis of retentiont e mass of the compound adsorbe_d onthe _surface of the adsorbent. Note that a

. - . large error may be made if the argais determined from the area of a rectangle
mechamsms 'r? RPL(_:' They willalso SquIy makers of advance efined by the inflection point of the breakthrough curves. The equivalent area
packing materials with a long needed set of tools useful to Unmethod is always the best method to meastye
derstand the consequences of changes made in manufacturing

Equilibrium Plateau

O

Mobile phase
concentration

processes. Accordingly, the concentrationy, , of the component adsorbed
(mass adsorbed per unit volume of adsorbent) is:
2.1. The frontal analysis method
* A3
9ol = Ve — Ve )
This method was originally proposed by James and Phillips c 0

[38], and by Schay and Szeke]§9] for the determination of whereVc is the volume of the column tube.
adsorption isotherms. Its advantages are discussed elsewherelt is noteworthy that the definition of the concentration in the
[37,40] Its principle consists in replacing abruptly the mobile solid phase used in FA is empirical and has no actual physical
phase pumped into the column with a solution of the compoundneaning. Solid adsorbents are porous but are impermeable (with
studied at a known concentration in the same mobile phase artde possible exception of certain resins not considered here). So,
in recording the composition of the column eluate. The prosolid phase concentrations expressed as the amount of solute
file recorded is called the breakthrough curve. It is a titrationadsorbed per unit volume of packing material are not true con-
curve since it gives the amount of the compound that is requiredentrations in the sense used in thermodynamics, the compound
to equilibrate the packing material in the column with the newnot being distributed homogeneously in a solid phase of a given
solution. The recording lasts as long as necessary to reach thewlume. This unit is merely convenient as its use eliminates the
modynamic equilibrium between the liquid (mobile) and theneed to measure the specific surface area of the adsorbent. A cor-
solid (stationary) phases. This equilibrium is reached when aect description of interface-related processes, however, should
plateau concentration corresponding to the feed concentratidre done by expressing the solid phase concentration in amount
is detected at the column exit. of solute adsorbed per unit surface area of the interface. Only
The detailed study of the consequences of the conservation tifie use of such a type of units allows a comparison between
the mass of the compound injected into the column between thie results obtained with different columns. Unfortunately, the
switch in mobile phase composition at the column entrance andetermination of the actual surface area of the interface between
the detection of equilibrium at its exit leads to split the responséhe liquid phase and the alkyl-bonded packing material is not
into four differentareas (séag. land aread 1, A2, A3, andAy). straightforward because the bonded layer interferes with most
The aread; represents the mass of the compound that is presemtethods of measurements. The classical methods of measure-
in the volume of the mobile phase outside the column, betweements operate under vacuum, collapsing the bonded layer. In
the mixer point and the detector cell. This volume is called thehe presence of a liquid phase, the layer swells to a degree that
extra-column volumeVeyt. The aread, represents the mass of depends upon the nature of that solvent. The swelling may ob-
compound that is contained in the volume of the mobile phasstruct some pores, reducing the actual surface area. It may also
inside the chromatographic column or column hold-up volumehe partially permeable to the solute. By convention, the specific
Vo. The aread4 corresponds to the mass of the compound thasurface of the bare silics, is taken as the reference surface
leaves the column during the time of the experiment. Finally, theand this introduces some error. Based on the physico-chemical
areaAs represents the mass of the compound that is adsorbgatoperties of the packing materidiy psiica Or density of the
on or in the stationary phase inside the column at equilibriumbare silica,ogp or density of the bonded phasegpwr weight
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percent of bonded phase), the apparent concentration of solutiee column solutions containing 10, 20,., 90, and 100% of
per unit volume can be transformed into the concentration ofhe mother solution (afy) in the mobile phase. The mobile
adsorbate per unit surface area: phase composition is chosen so that the retention factor of the
. Gy * (1 — Y%8p)/ psilica -+ %Bp/ pep) compound at inf_inite d.iIuFipn is between 3 and 5 (accurate mea-
qSurf = 5 (6) surementsrequire a significantly large breakthrough volume, the
Sp x (1 — Yosp) need to save on the time and the amount of chemicals needed
In all this paper, we refer to the first definitiongf per volume  suggests using a reasonably short breakthrough volume). If the
unit of stationary phase. If the reader wants to compare the adireakthrough curve of the 10% solution is not symmetrical, a
sorption data reported for different columns, the relevant dataew mother solution afy /10 is prepared and a new series of
in Table 2 which lists the necessary physical properties of theen injections is carried out. This procedure is repeated until the
different packing materials, should be introduced into (69 two or three breakthrough curves obtained at the lowest con-
In order accurately to determine the concentration of thecentrations are symmetrical. This might require to change the
adsorbate in the stationary phase, an accurate estimate of th&/ wavelength monitored for detection during the whole set
column hold-up volumé/y must be obtained. We found that of measurements and to use different wavelengths in the low
thiourea is a satisfactory non-retained tracer, despite the fact thahd high concentration ranges. Experience has shown that, with
it has been reported to be slightly retairjdéd—43] to a degree modern RPLC columns, however low the concentrations below
that depends on the mobile phase composition. The errors madéich the isotherm behavior becomes practically linear, the cor-
on the estimate of the column hold-up volupd] do not affect  responding breakthrough curves can still be detected by the UV
the profile of the adsorption energy distribution derived from thedetector, the detection limit of which is of the order qfhol/L.
isotherm data (a bimodal isotherm remains bimodal even if aiVe have always been able to measure data in the linear part of
error of 15% is made on the true hold-up volume). They maythe isotherm, except in some rare cases, e.g., for some ionizable
affect the value derived for the low-energy equilibrium constantcompounds eluted with a mobile phase without supporting salts
The acquisition of FA adsorption data must be made in ther buffer.
broadest possible range of concentrations of the compound. The FA measurements can be carried out in two different ways,
modeling of the equilibrium isotherms of compounds that arehe staircase and the independent steps methods. In the former
poorly soluble in the mobile phase is less accurate than thahethod, the column is not regenerated with a stream of the pure
of those that are highly soluble. Poor solubility makes com-mobile phase between two consecutive steps. This method is
poundsill-suited for systematic studies of retention mechanismgast but it is rather inaccurate because errors of measurements
Isotherm modeling for computer-assisted optimization of the expropagate from step to step. The estimate of the mass adsorbed
perimental conditions of preparative separations does not sufluring step + 1 depends on the value calculated for the mass
fer from this limitation since measurements of isotherm datadsorbed at the end of the precedent stephe latter mode of
can be made at concentrations as high as or higher than thosgection consists in regenerating the column after each step and
safely used in preparative HPLC and an empirical modeling ofchieving complete desorption of the compound before inject-
the isotherm is acceptable for this purpose. When isotherm datag a second breakthrough curve. The masses adsorbed during
are collected for the purpose of physico-chemical studies (e.geach one of the consecutive steps are calculated independently
for the study of retention mechanisms), two rules must be folof the other ones, which eliminates the accumulation of errors.
lowed to obtain the highest accuracy possible for the adsorptiomhis method requires more time and more chemicals but it is
isotherms. First, the maximum concentration in the injected sovery accurate if the temperature, the back pressure, and the flow
lution, Cmax, Should be as close as possible to the solubility ofrate are well controlled during the entire sequence. The method
the component in the mobile phase. This ensures that the largestindependent steps must be preferred for the sake of data ac-
possible fraction of the surface of the adsorbent will be covereduracy. In addition, recording the complete breakthrough curve
by the compound and permits a more correct estimate of th@.e., the adsorption and the desorption profiles for each con-
column saturation capacity. Second, the lowest concentratiocentration step injected) has two important advantages. First, it
used for FA measurements must lead to a symmetrical breakdlows the unambiguous determination of the initial linear part
through curve. Under linear conditions, the shape of the brealef the isotherm, hence informs on the possible need for the ac-
through curve is an error function, the floating integral functionquisition of additional data at lower concentrations. Second, the
of the classical Gaussian profile. Its position corresponds to thiereakthrough profiles contain important information regarding
initial slope of the isotherm, i.e., to the Henry constant. Satisthe mass transfer kinetics.
fying these two conditions guarantees that the contributions of Fig. 2illustrates the differences between high and low con-
the highest and lowest-energy types of sites will be taken inte@entrations breakthrough curves. It shows the breakthrough
account. This is important because the former are occupied atirves of caffeine (injections during 5 min of solutions at 24.0,
very low concentrations and the latter at high concentration2.64, 0.335, 0.0103 and 0.00103 g/L) on Resolyg;Qsing a
only. mixture of methanol and water as the mobile phase (25/75, v/v)
FA measurements are carried out following a systematic exf45]. These curves cannot be recorded for concentrations larger
perimental procedure. A mother solution of the compound athan 25 g/L (maximum solubility) but need to be recorded for
a concentratiorCy in the mobile phase is prepared. Ten ad-caffeine concentrations down to about 1 mg/L, i.gungol/L.
sorption data points are successively acquired by pumping intdhe breakthrough curves become then symmetrical. This means
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Fig. 2. Example of the evolution of the shape of the breakthrough curves from high concentrations (non-linearity of the isotherm, non symmibtoadireak
curves) to low concentrations (linear domain of the isotherm, symmetric). Caffeine, Resglvedthanol:water, 25/75 (v/v), flow rate 1 mL/miA,= 295 K.

that, inthis case, the dynamic range of concentrations (i.e., the rity of RP columns). Too small a dynamic range would lead to
tio between the largest and lowest concentrations applied) mushoose an erroneous models for the fitting of the adsorption data
be at least 24,000 if one needs the maximum useful informatiobecause some isotherm contribution will be missed that varies
on the adsorption isotherm and wants to optimize the search faignificantly with the concentration in the range omittei. 3
the best physical isotherm model. shows how important it is to measure adsorption data down to
Measuring adsorption data in a sufficiently wide dynamicvery low concentrations in order accurately to model the pres-
range is crucial to identify the different types of adsorption sitesence of very high-energy sites. These sites are usually saturated
that may contribute to the overall retention of the analytes andt very low concentrations. So, beginning the FA run with a
to determine accurately their parameters (see later, heterogermncentration in the mobile phase that saturates these sites is the
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Fig. 3. Plot of the contribution of the three types of adsorption sites identified in the case of Nortryptiling-Biis€overy column, ai" = 295K, with acetoni-
trile/water, 15/85 (v/v). The figure shows that a dynamic range of at least 60,000 was necessary to describe accurately the adsorption systedifféfete how
levels of concentration are required to saturate the different adsorption sites, i.e., about 0.001 (bottom-right insert), 7.5, and 60 g/Ltjpesiteésly respectively.
The two bottom inserts show clearly the contribution of adsorption on sites of types 2 and 3, respectively to the overall amount adsorbed in thattatiazonc
range.

most frequent error made in the measurement of FA isother.2. Calculation of the adsorption energy distribution
data. Even if their number is very small and their contribution
to the adsorption of the compound at high concentration is neg- The issue of the surface heterogeneity of RPLC adsorbents
ligible, these sites control to a large extent the retention fattor remains confuse for the lack of reliable measurements. The pres-
that is measurable only under linear conditions (with infinitelyence of free or unbonded silanol groups on these surface is cer-
diluted solutions). Analysts should not want to miss this preciougain. It results clearly from IR and NMR measurements and
information. from the mass balance between the density of silanol groups on
The aforementioned experimental method and procedures ehydrated silica surface and the number of alkyl chains bonded
measure and acquire adsorption data were systematically fobnto the surface of RPLC materials. However, the accessibil-
lowed in all the studies presented in this review. The next subity, reactivity, and acidity of these groups is unknown. There
sections describe the handling of the FA data in order to derivare no figures characterizing the difference between the interac-
the best adsorption isotherm model. tion energies of an analyte molecule with a bonded alkyl chain
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and with a silanol group. The probabilities of interactions ofwhere ¢*(C) is the total amount of a solute adsorbed on the

this molecule and silanol groups or chains are unknown. Obvisurface at equilibrium with a concentratighof this solute e

ously, although the alkyl chains are slightly fewer than the silanothe binding energy between an adsorbed solute molecule and the

groups, the volume occupied by the former is far greater thasurface of the adsorbent, ah the associated binding constant

that of the latter. It is almost certain that interactions betweemelated tce through the following equation:

parts of the alkyl chains only and analyte molecules take place €

often while interactions between these molecules and silandi(€) = bo EXP(E) (8)

groups take place almost always in the presence of alkyl groups. . ) ,

For the lack of a suitable method for deriving quantitative esti-WN€rébo is a pre-exponential factor that is usually assumed

mates of the interaction energy between the adsorbent surfaf@ P€ the same whatever the type of adsorption sifebat is

and analyte molecules, we are still content with essentially quaonsidered4e]. _ _

itative tales elaborating inconclusively on the obnoxious pres- M Ed- (7), other local isotherm models can be considered.

ence of underivatized, isolated silanol groups that would bd "€ Mostimportant are the Jovanovic isoth¢4m,

the main if not the onl_y source of heterogeneity of the SUr-] _ exp(—b(€)C) 9)

face of Gg bonded stationary phases. Manufacturers have in-

vested considerable resources in attempts to reduce as muile Moreau isotherri¥8],

as possible the density of thege undesirable 'silanol groups, us- b(e)C + Tb(e)2C?

ing for that purpose new bonding reagents, silanol endcapping; 5

new, bare solid adsorbents with fewer silicon atoms in their net- +2b(e)C + Ib(€)C

work, or adsorbents encapsulated in a polymeric shell, hencghich is valid for nonideal adsorption on a homogeneous sur-

in all cases, with fewer surface silanols. Notable improvementgace, i.e., for adsorption under such conditions that significant

have been made during the last two decades. Still, as we shaadsorbate—adsorbate interactions may take place and in which

later, the adsorbents available are far from being reasonablyis the adsorbate—adsorbate isotherm parameter, or the BET

homogeneous. isotherm[49]
We I?n(?w that all sur(;aces are het(;erogene[gﬁ}; Thihs factis b(e)C

particularly vexing in adsorption studies. Itis due to the superim

position of two properties of matters. First, the solubility of im- (- = LEOCNL = bL()C + b()C)

purities in solids tends to be poor and impurities are expelled towhereb is the equilibrium constant of the component between

ward the surface of the solid. The concentrations of all the impusuccessive layers of adsorbate and the mobile phase. The diffi-

rities are always much higher at the surface than in the bulk solictulty to solve Eq(7) and obtain the energy distribution with the

These impurities cause a strong heterogeneity of the electrostafiéoreau or the BET isotherm is due to the presence of a second

field at the silica/gas or silica/liquid interface. This is why the independent parameter (the adsorbate—adsorbate interaction co-

decreaseintheiron, boron, or aluminum content of silica that is afficient,/ or ) in addition to the equilibrium constant This

conseqguence of the development of the sol-gel processes for sio-dimension problem has not been solved yet and the only

ica synthesis has led to greatly improved silica adsorbents. Sepossibility to deriveF () in this case would consistin assuming a

ond, the very presence of the surface causes stresses and stra@lationship betweeb(€) and! or b_. It could make sense to pro-

ofthe bonds of polyvalent atoms. Thus, because they are stresseaise that the higher the equilibrium constag), the lower the

and strained, the valences of the silicon and oxygen atoms at tla@lsorbate—adsorbate interactions because the distance betweer

silica surface are not fully saturated. This also causes a cetwo closest adsorption sites would then be larger. However, any

tain degree of heterogeneity of the electrostatic field above thieormal relationship would be empirical at this stage.

surface, but to a lesser degree. The study of adsorption onto het- In many cases of liquid/solid adsorption, however, we found

erogeneous surfaces has become of great interest in adsorptithat the adsorbate—adsorbate interactions are negligible and that

studies. the local adsorption behavior is correctly accounted for by the
Actual surfaces are characterized by an adsorption energyangmuir model. In this work, we discuss only cases in which

distribution function,F(¢), that may be broader or narrower, or the local isotherm follows this model and the problem is only

that may have several more or less well resolved modes, eath find the corresponding distribution function, a function of the

mode having a finite width. The experimental isotherm on suckequilibrium constant(e), alone.

a surface is the sum of the isotherm contributions of each one The normalization condition for the AED is a boundary con-

of the different types of homogeneous sites that are coverindition for Eq.(7)

the surface. Under the condition of a continuous adsorption en- .,

(10)

(11)

ergy distribution and assuming a Langmuir local isotherm modetlé F(e)de = gs (12)
on each homogeneous patch of the surface, the experimen
isotherm can be writte[#6]: wheregs is the overall saturation capacity.

To characterize the behavior of a heterogeneous surface, the
~ B(C AED, F(¢), is derived from the set of experimental isotherm data
q*(C) = / F(e) (€) 7) (with the M experimental data points given By — 1 FA mea-
1+ b(e)C surements plus the origig,= C = 0), a procedure for which
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there is a variety of method46,50-52] Most of these meth- after each iteration by
ods use a preliminary smoothing of the experimental data, i.e., fit c
H H H max p(e)C; C:
these data to an isotherm model (e.g., to the Freundlich |sother|1pk+1(6i) — FHe) Z (€)C; AECIexp( 7) (16)
Crnin

[50]), or search for an AED that is given by an arbitrary func- 1+b(e)C; q(C))

tional relationship which is chosen depending on the problem

studied and the instinct of the scientist. These two approacheékhe EM procedure protects better than most other methods
are equivalent because there is a direct correspondence betwesgainst the consequences of the possible incorporation of ex-
isotherm and AED models. In both types of methods, arbitraryperimental artifacts into the calculation of the AED and against
information is injected into the determination of the AED by the effect of modeling the experimental data (and particularly
forcing it to follow a given functional relationship. In this work, the noise and drift that the data may contd69).

we used instead a numerical method, the EM mefbadl This Finally, we obtain the AED or relationship between the ad-
computer-intensive method uses directly the raw experimentalorption constants{) on a type of sitesif and the number of
data, without injecting any arbitrary information into the AED adsorption sitesqt ;) over which the compound is distributed
derivation. The distribution functiorf/(¢), is discretized, using at equilibrium between the liquid and the adsorbent. This AED
an N-grid points in the energy space, (i.e., assuming that thégs ;(b;)), withb; = b(e;) is considered as valid for further inves-
surface is tiled with a set df different homogeneous surfaces) tigations ifgs; tends towards zero when tends toward$min

and the corresponding values Bfe) are estimated fromth®  andbmay. If it does not do so, the number of iterations should
experimental data points. The energy space is limitedsgy  be increased until the following criteria is fulfilled:

andemax, two energy boundaries which are respectively related <1 as N
to the maximum and the minimum concentrations within whichM — <001 and Mi
the adsorption data have been acquired, by usind@&dwith axgs.i axgs.i
bmin = 1/Cm andbmax = 1/C1). This is why FA data must be If these conditions cannot be realized for any iteration number
acquired in as wide a concentration range as possible. Howeveperior to one hundred millions, this usually means that the
anarrower range may be considered, as long as it accommodai@aximum experimental concentratiGax = Cw at which FA

<001 (17)

the data. measurements were carried out is too low to get a good estimate
The amouny(C;) of solute adsorbed at concentrationis  of the properties of low-energy sites by the EM calculation. The
iteratively estimated by maximum surface coverage achieved is definitely too low. This
emax limitation comes usually from the poor solubility of the com-
dk(C)) = Z F¥(&) b&)C; Ae. pound studied. Rarely, another limit is encountered when the
e 1+ b(e)C; minimum concentration at which FA data can be acquired is not
. . low enough, which may come from a lack of detector sensitiv-
Jj €[l Mlie[l. N] (13) ity and then, the divergence of the AED is observed in the high
with adsorption constant range. In either case, the AED obtained can
e provide only a qualitative answer to the question of the degree of
Ae = & ~min € = €min + ({ — 1)Ae (14)  heterogeneity of the adsorbent studied. Only the number of dis-

N-1 tinct sites can be obtained, not precise estimates of the saturation
The indexk indicates thekth iteration of the numerical calcu- capacities and average equilibrium constants of these sites.
lation of the AED function. The initial guess (iterati@an= 0)
of the AED function,F(;), is the uniform distribution (overthe » 3 7y, equilibrium dispersive model
N fictitious adsorption sites) of the maximum adsorbed amount

that was observed experimentg2]. Overloaded elution band profiles or breakthrough curves can
0 q(Cwm) . be calculated using the best model derived (see later section)
Fle)=—y—  ViellN] (15)  for the isotherm of the compound studied and the equilibrium

. N ) . . dispersive model (ED) of chromatograpf87,53,54] The ED
Using this initial guess has the advantage of introducing the ming, o qel assumes instantaneous equilibrium between the mobile

imum possible bias into the AED calculation. Actually, the EM 44 the stationary phases and a finite column efficiency orig-
program calculates the amount adsorbed by tak{eg as the i a4ing from an apparent axial dispersion coefficigby, that
variable in the energy space, so that neither the temperature ng. . nts for the dispersive phenomena (molecular and eddy dif-
the pre-exponential factor in E¢8) need to be definef2].  fgjon) and also for the non-equilibrium effects that take place in
Only M, N, bmin, bmax @nd the number of iterations must be de- 5 chromatographic column. These effects are supposed to be rel-
fined before starting thg calculations. Itis notewqrthy, howeverative|y small compared to the band broadening originating from
that, while an assumption must be made regarding the value gfiq nonlinear behavior of the isotherm, otherwise the ED model
boin Eq.(8)in order to obtain any information on the adsorption 4q not be valid. The axial dispersion coefficient is related to

energy, this assumption cancels out when the difference betwegg, experimental parameters through the following equation:
two adsorption energies is calculated (see below). The final re-

sultis the distribution of the equilibrium constants (often called ,, _ ul (18)
the affinity distribution). The distribution function is updated &7 2N
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whereu is the mobile phase linear velocifythe column length, relative differences between the experimental data and those
andN is the number of theoretical plates or apparent efficiency calculated with the model. The statistical Fisher parameter,
of the column. In the ED model, the mass balance equation for F;, is used to select the best isotherm model. For each model,

a single component is written the Fisher parameter is calculated according to:
aC  aC  _og* ¥2C N =1 Y =N (gexni — Toxp)?
87 ”ai + Fai _ DaF (19) Fcalcz _ 1 Zli—:lN expi exp2 (20)

4 2 4 Z N =1 5770 (Gexpi — q.i)
whgreq* andC are the stationary gnd the mobile pha_se concen- wheregexy; are the experimental values of the solid phase
trations of the adsorbate, respectivelihe time,z the distance  ¢oncentrations of the adsorbate in equilibrium with a liquid
along the column, anfl = (1 — &)/¢, Is the phase ratio, with phase at concentratiols (i.e., gexp; andC; are the FA data
the total column porosity at timeand distance. If ¢, is assumed points),7exp the mean value of the whole set of dafapi,
to be constant during the whole measurement, $o(im some ¢:.i the estimate given by the isotherm modsat({) for the
cases, particularly when the BET model of isotherm appfiés, solid phase concentration of the adsorbate in equilibrium with

a function of the local value af*, hence ofC and consequently  he mobile phase concentratiah, I the number of adjusted
itis a function oftandz). ¢* is related taC through the isotherm parameters in the model, aids the number of experimental

equationg™ = f(C). data acquired by FA.
N N In order to tell if a model is significantly (or statistically)

At = 0, the concentrations of the solute and the adsorbate in M,, andM,,, F, ., is calculated by:
the column are uniformly equal to zero, the column is empty of '

solute, and the stationary phase is in equilibrium with a stream Fip, = Fu (21)
of the pure mobile phase. The boundary conditions used are the I,
classical Danckwerts-type boundary conditig8g,55] at the Considering a riskr, the modelM,, correlates better the
inlet and the outlet of the column. experimental data than the model,, if
2.3.2. Numerical solutions of the ED model Fivtp 2 FN—11,N~lp.0 (22)

The ED model was solved using the Rouchon program based wherel; andl, are the numbers of adjusted parameters in the
on the finite difference methd87,56-58] modelsM;, andM,,, respectivelyFy_;, n—i,.« IS available

in statistical test tables. If, for a given modd¥,,, Eq. (22)

2.4. From the isotherm data to the isotherm model is valid whatever the mode¥1,,, then the modeM,, will be

definitively eliminated.

Once the single-component adsorption data have been col- The third step compares the set of remaining isotherm models
lected, they need to be properly modeled. The main isotherm with the results of the calculation of the adsorption energy dis-
models available are discussed in the next section. The follow- tributions from the raw adsorption data (see Sec?@h Any
ing tests are applied successively to find out whether an isotherm adsorption model that is inconsistent with the experimental
model is consistent with the experimental data, which models AED must be eliminated. For instance, if the EM calculations
are acceptable, and which models have to be definitely rejected. converge toward a bimodal distribution, ath model cannot
Thus, the selection of the bestisotherm model obeys to a process account properly for the isotherm data since the AED of the
of elimination until one single isotherm model is left. Toth model is unimodal.

e Finally, if after the third step, there are still more than one
e The first test consists in plotting the data as a Scatchard plot isotherm model that may account correctly for the adsorp-

(e.g., aplot oz*/C versusg*. Isotherm models can be clas-  tion data, the last selection step is based on the comparison

sified according to the shape of the corresponding Scatchard between the calculated and the experimental band profiles at

plot. As illustrated inFig. 4, some isotherms have a convex  high and low concentrations. Still, if no significative differ-
downward Scatchard plot (e.g., the bi-Langmuir, th&hT ence is found between these models, the final choice will be
the Langmuir-Freundlich models), others have a convex up- based on the physical sense of the isotherm parameters.
ward Scatchard plot (e.g., the Jovanovic, the Fowler models).

Isotherm models with an inflection point have a Scatchard

plot with a minimum, a maximum, or both. Only the Lang- 3. Adsorption isotherm models

muir isotherm model has a linear Scatchard plot. The shape

of the experimental Scatchard plot informs on the group of For the last two decades most of the adsorption isotherms

models to consider. measured in RPLC were found langmuirian, i.e., they were found
e The second step of our selection process consists in mode be convex upward and to belong to type | of the gas—solid

eling the isotherm data with those in the selected group o&quilibrium isotherm classification of Brunauer et[&D]. Very
models. A multi linear regression analysis of these models iew cases had shown adsorption data consistent with isotherms
carried out, using a fitting based on the Marquardt algorithrof type Il (S-shaped isotherms that are convex upward at low

[59], which minimizes the residual sum of the squares of theconcentrations then convex downward at high concentrations),
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methanol:water solutions as the mobile phase), together with
some physico-chemical characteristics of these compounds and
the shape of the isotherms measured for them. A solute can be
. characterized by a few molecular descriptors. Abraham et al.

e / have published a list of more than 400 solutes with the values of
- numerous of these descriptdfd]. The descriptors considered

124

Jovanovic

Q SN measure the propensity of a solute (1) to interact with a solvent
G \/'\ N through/I- or n-electron pairs (descriptaty); (2) to take part
. Toth =8 in dipole—dipole or dipole-induced interactions (descrip@);
i AN (3) to release an hydrogen atom to form hydrogen bonds with the
. solvent (descriptod ag); (4) conversely, to accept hydrogen
Bilangmuir e Langmuir atoms from the solvent and form hydrogen bonds (descriptor
0 : . . , : >" B5); (5) alast descriptor, the van der Waals voluvheof the
0 30 80 90 120 150

solute, is related both to the energy required to create a cavity
to accommodate the solute in the solvent and to the dispersion
Fig. 4. Correspondance between the shape of the Scatchard plot representat‘gllieracuons between the solute and the solvent.

(¢*/C vs.¢*) and the nature of the isotherm model. Reproduced with permission 1 1ree out of these five descriptors are Stati'Stica”y indepen-
from Gritti and Guiochorf78] (Fig. 1). dent for the family of solutes studied. For this reason, only

the hydrogen bond acidity>( o:;'), the hydrogen bond basic-

to type V (S-shaped isotherm that are convex downward at lovity (> ,85’), and the solute hydrophobicity{) are shown in
concentrations then convex upward at high concentrations) or téable 1 Although relatively restricted, the number of solutes is
type Ill (antilangmuirian isotherms that are convex downward) sufficient to use their descriptors in an attempt at characterizing,
Recentinvestigations, however, have demonstrated that all types a statistical basis, the physico-chemical properties of chro-
of isotherm shape could be observed in RPLC. This seems to beatographic systems depending on the nature of the stationary
due in part to the wider range of structure and physico-chemicgihase and of the mobile phase used. This will shed light on the
properties of the compounds studied, in part to the understandinglative importance of the interactions that govern the retention
that isotherms must be measured in the widest concentratianechanisms.
range possible. In all our experiments, the methanol content of the mobile

The accumulation of a large amount of experimental data haghase was always adjusted in order to achieve a moderate value
made possible to propose some qualitative predictive rules ref the retention factor. Too short a retention factor gives poorly
lating the shape of the isotherm and the characteristics of theccurate FA data. Too long aretention time of the solute leadsto a
solute studied. Simple conclusions can be drawn from these exvaste of time and chemicals. Typically, the mobile phase compo-
perimental results regarding the mechanisms of adsorption isition was adjusted to achieve retention fack(aratinfinite dilu-
RPLC, as we show later in this report. tion of around 5Table 1shows a wide range of methanol content
of the mobile phase, from 10 to 80% for the low-molecular-mass
compounds usedkig. 5 shows plots of the values of the three
main molecular descriptors versus the methanol content of the
mobile phase. No useful correlation can be established between

Table 1llists 15 compounds for which isotherms were mea-the hydrogen-bond acidity, the hydrogen-bond basicity, or the
sured on one or several of the RPLC columns studied (usingydrophobicity of the solute and the methanol content required

q* [g/L]

3.1. Nature of the solute and curvature of the adsorption
isotherm

Table 1
Molecular descriptors of 15 analytes, isotherm shape and content of methanol in the agueous mobile phase
aH > ol > B Vy % MeOH (v) Isotherm shape References
3-Phenyl 1-propanol 0.91 0.30 0.65 1.06 50 Langmuir [63]
4-tert-Butylphenol 0.89 0.56 0.39 1.34 60-62 Langmuir [63,135]
Butylbenzene 0.49 0 0.17 1.14 80 Anti-Langmuir [63]
Butylbenzoate 0.85 0 0.46 1.50 60-80 S-shaped [63,136]
Phenol 0.89 0.60 0.31 0.78 15-45 Langmuir [69,79,85,77,78,45,105,96]
Caffeine 2.69 0 1.80 1.50 15-30 Langmuir [69,79,77,78,45,135,72]
Toluene 0.52 0 0.14 0.86 80 S-shaped [35]
Ethylbenzene 0.51 0 0.15 1.00 80 S-shaped [35]
Aniline 0.89 0.23 0.45 0.82 15-45 Langmuir S-shaped [74,77]
Theophylline 2.54 0 1.80 1.36 30 Langmuir [74]
Propranolol 1.71 0.45 1.53 2.22 25-40 S-shaped [74,122,128-136]
Ethylbenzoate 0.85 0 0.46 1.21 62 S-shaped [64-66]
Propylbenzoate 0.85 0 0.46 1.35 60-65 S-shaped [77,135]
1-Naphthalene sufonate 2.92 0 2.84 1.69 10 Langmuir [132]
Amylbenzene 0.48 0 0.18 1.28 80 Anti-Langmuir [62]
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Fig. 5. Plots of the molecular descriptors of the analyte (hydrogen bond a@i@?, hydrogen bond basicitE ﬂg' and molecular volum&,) vs. the content

of organic modifier (methanol) required to measure accurate adsorptionkdatz8) in RP-HPLC conditions. Note the poor correlation between these individual
descriptors and the methanol content.

to achieve a retention factor close to 5. Note, however, that wealues ofP and low methanol concentrations, corresponding to
never needed to use a high methanol content mobile phase pwlar, hydrogen-bond donor or acceptor solutes (e.g., caffeine,
elute a solute with a strong tendency to form hydrogen bondphenol). Finally, the intermediate region of moderate values of
by accepting hydrogen atoms. More generally, it is clear thaP and of the methanol concentration contains the points repre-
none of these parameters control the retention of the solute in
RPLC with agueous methanol solutions. Instead, a combination -
of all these parameters must be considered. Qualitatively, for 1.04 -
entropic reasons, the larger the molecular volume of a solute, ] e :
the more likely its expulsion from the polar liquid phase. On the e -
other hand, the stronger the ability of the solute to participate 059 ‘ e
in hydrogen bonding interactions with the solvent molecules,
the better its affinity for methanol and water. Accordingly,
on the one handy_ off and}" 4, on the other act in opposite
directions. A more appropnatg solute descnp_tor to cor.relate the Y o . o Langmuirian
methanol content of the mobile phase and its retention factor / e % S-shaped
would beP = V, — 3" ol — 3~ 4. Fig. 6 shows that there is G L7 < Anti-Langmuirian
indeed a clear correlation betweBrand the methanol concen- 1.0+ ’
tration in the mobile phase. ] ‘ .

Most interesting is the correlation between the location of the 0 30 60 90
points corresponding to the different compounds studied and the % MeOH (v/v)
shape of the isotherm measured. Antilangmuirian isotherms are

) k - - _ oo H
observed for high values éfand high methanol contents, cor- F9: 6 Same as iffig. 5 except for the plot of’x —> a3 —_ f5' vs. the
methanol content. Note, this time, a correlation between this new built descriptor,

responding to g]_oola_r solutes (e.g., amyl b_enzene, b_Utyl benze% quantity of methanol and the nature of the isotherm (Langmuir, S-shaped,
[62]). Langmuirian isotherms are found in the region of low anti-Langmuir).

H H
V-ZB,-Zo,
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senting the compounds that have S-shaped isotherms (e.g. esteosnpound$63—66]has proven that the adsorption isotherm of
like propyl benzoate or small apolar solutes like toluene). 4-tert-butyl phenol follows Langmuir behavior, hence is simply
This is illustrated by the comparison between the adsorptiocontrolled by one equilibrium constarit, which accounts for
isotherms of 4err-butyl phenol ¢ = 0.39, [MeOH]= 61%), the equilibrium between the two states of the compound, so-
ethyl benzoate® = 0.75, [MeOH] = 62%) and amyl benzene lute and adsorbate. In contrast, the adsorption of the other two
(P = 1.10, [MeOH] = 80%). These three compounds have ancomponents is characterized by two independent equilibrium
aromatic ring, nearly the same molecular weight (150, 150¢constantshs andb . The first accounts for the equilibrium of
and 148 g/mol, respectively), the same van der Waals volumthe compound between the solution and the bargbonded
(V, =1.34, 1.21, and 1.28, respectively) but have adsorptiorsurface bs), the second for the equilibrium between the solu-
isotherms of types I-lll, respectively, on all theggbonded tion and the successive adsorbed layers of compobind Ih
phases tested. Their different behavior is due to their differother words, molecules of #+#-butyl phenol do not experience
ent ability at participating in hydrogen-bond interactions with adsorbate—adsorbate interactions while those of ethyl benzoate
the mobile phase. While Z+-butyl phenol is both an acceptor and amyl benzene do.
and a donor of hydrogen, ethyl benzoate is merely an hydrogen A schematic representation of these adsorption mechanisms
bond acceptor, and amyl benzene is a very poor hydrogen boridat is consistent with these adsorption models is given in
acceptor. The modeling of the adsorption data of these threligs. 7-9 In the case of 4ert-butyl phenol, the adsorbed phase

pk
1204 gt *

*
40 *
*
* o
] 3 *t**
* w .

/

0 T T T T A T = T T T A T T T

T
0 10 20 30 40 50 0 10 20 30 40 50

(B) C [g/L] (©) C [g/L]

Fig. 7. Scheme (A) of the molecular description of the adsorption of analytes having a langmuirian isotherm (B and C). The adsorption is limitedeyes afon
adsorbate molecules.
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Fig. 8. Same as ifrig. 7, except for analytes whose isotherm is described by a S-shaped adsorption isotherm. Adsorbate—adsorbate interactions occur and bec
predominant at high concentrations.

is limited to a monolayer because the hydrophobic part of itcompetition to adsorbate—adsorbate interactions. Most of the ad-
molecules interacts within the tips of thegthains while the po-  sorbed methanol is displaced from the interface by the analyte
lar part is solvated with adsorbed methanol molecules, througtvhich interacts more strongly with the bonded alkyl chains.
strong hydrogen-bonds. For ethyl benzoate, the situation is dif- This qualitative molecular description of the adsorbed phase
ferent because the solvation of the polar part (ester group) big based on the well-known nature of the interactions between
methanol molecules is weaker (the solute can only receive hydrdhe analyte and the organic solvent (methanol). It is consistent
gen bonding from methanol, not give such bonding). This makewith the adsorption data measured and, particularly, with the
it more likely that molecules of ethyl benzoate interact togetheshape of the equilibrium isotherms observed.

in the adsorbed state, through dipole—dipole interactions involv-

ing the carbonyl group ofl-stacking between phenyl rings. 3.2. Mathematical models

Even though it is not possible to ascertain the actual structure

of the adsorbed phase, the formation of adsorbate—adsorbate in- Liquid/solid equilibrium isotherms can be separated into four
teractions at high concentrations is made clear by the S-shapethsses, those corresponding to ideal adsorption (no adsorbate—
isotherm of ethyl benzoate. The antilangmuirian shape of thadsorbate interactions) on homogeneous surface (with an AED
adsorption isotherm of amyl benzene shows that adsorbategiven by a Diracs function or a narrow Gaussian curve, to ac-
adsorbate interactions take place even at zero concentration @ount for experimental errors and for small fluctuations of the
the mobile phase. Because amyl benzene molecules cannot furface properties caused e.g., by its roughness), to ideal ad-
vorably interact with polar solvents like methanol, there is nosorption on heterogeneous surfaces, to nonideal adsorption on
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Fig. 9. Same as iffrig. 7, except for analytes whose isotherm is described by an anti-Langmuirian isotherm. Adsorbate—adsorbate interactions occur at a zero

concentrations.

homogeneous surfaces and to nonideal adsorption on heterogiata of all the low molecular-mass compounds that we have
neous surfaces. Given the fact that we know all RPLC adsorstudied in RPLC (neutral or ionizable compounds, in the pres-
bent surfaces to be heterogeneous, which is confirmed by thence or absence of buffers or of supporting salts in the mobile
multi-modal character of the AEDs observed on all the adsorphase) can be modeled by either one of these two groups of
bent surfaces studied here, we need to consider only the twisotherms.

groups of isotherms dealing with heterogeneous surfaces. How- The adsorption isotherm models described below relate the
ever, for the sake of simplicity, we consider a slightly differentanalyte concentration in the bulk mobile phase to the appar-
definition of the two groups. The first group accounts for theent solid phase concentration. They assume that the solution
behavior of adsorption systems in which the adsorbed phasmntains only two components, the solute and the solvent, so
consists in a monolayer of adsorbate molecules. This does ntitey are really single-component isotherms. However, in al-
exclude the possibility of some lateral interactions between thenost every experimental case, the mobile phase is made of an
adsorbates in the monolayer. The second group concerns casgganic solvent (usually methanol or acetonitrile) dissolved in
in which the adsorbed phase consists in a multilayer systemwater. This makes the adsorption system ternary. In principle,
the solute adsorbing on the surface of the solid adsorbent aridnary isotherms should be used, accounting for the competi-
forming successive layers of the adsorbate. The advantage tbn between the solute and the organic modifier for adsorption.
this classification is that only one general isotherm equatioft has been shown that the simplification of replacing the bi-
is required for each group. As we show later, the adsorptiomary isotherm by a single-component isotherm the coefficients
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of which depend on the concentration of the modifier is le-3.2.2. Isotherms of group II: multilayer adsorption
gitimate in this casd67]. This is because the adsorption of If the experimental conditions are such that the solute can
the organic modifier is weak compared to that of the analytedsorb on the top of a layer of previously adsorbate molecules,
and the competition for adsorption between the analyte andn alternative model should be considered. The liquid—solid ex-
methanol is negligible. The variation of the concentration oftension of the BET model, widely used in the study of gas—solid
the organic modifier essentially affects the Gibbs free energgquilibria, describes well the adsorption of solute molecules
of the analyte in the bulk mobile phase. This simplification isfrom the solution onto either the bare solid surface of the ab-
valid when the Henry constant of the modifier is at least fivesorbent or a layer of solute molecules already adsorbed. It ob-
times smaller than that of the solute. The situation becomesgiously accounts for the equilibrium between these different
more complex with acetonitrile and certain other modifiers thdayers. This model, however, assumes that the bare surface of
molecules of which tend to aggregate at the interface with théhe adsorbent is homogeneous and that there are no lateral in-
bonded layer, causing the formation of micro-environments irteractions inside each of the monolayers. The equation of the
which the mobile phase properties are different from those in théquid—solid BET isotherm is derived from kinetic adsorption—
bulk [113]. desorption relationshipf3], with a first order kinetics. The
equation obtained is:

3.2.1. Isotherms of group I: monolayer adsorption

The general equation of the adsorption isotherms describ;« _ s bsC (24)
ing the formation of a monolayer of adsorbate molecules on (1—=bC)(1—-bL.C+bsC)
the surface of an adsorbent takes into account (1) the hetero- ] ] ]
geneity of the surface, and (2) the possibility of adsorbateWheregs is the monolayer saturation capacibg and b, are
adsorbate interactions. The degree of heterogeneity of an athe equilibrium constants of the solute fr'om the solution onto
sorbent is characterized by its adsorption energy distributiot€ Pare surface of the adsorbehg)(and into a layer of ad-
which quantifies the variations of the adsorption constant oferbate moleculesb(). First, we note that if there are no
the solute according to the position of the site occupied orfidsorbate—adsorbate interactions between two successive lay-
the surface. Actual RPLC adsorbents are heterogeneous n@fs Of adsorbate molecules, Eg4) reduces to the Langmuir
only because the silica surface is heterogeneous but becad§gtherm, a model which belongs to the group I. Generally,
the bonding process of the alkyl chains leads to regions ofotherms accounted for by E(24) are convex upward at low
low and high density of @ bonded chains, hence of high concentrations, then convex downward at high concentrations

and low density of more or less nefarious, underivatized silandityPe !l of isotherms according to the van der Waals classi-
groups. fication). The reversal of the isotherm curvature, from con-

The general isotherm equation for this group of models is: V& upward to convex downward, takes place for a threshold
concentration which corresponds to the inflection point of the

. biC + 2I;b?C? isotherm. Wherb_ increases, and the adsorbate—adsorbate in-

9 = qu’i1+b»c+ 1.b2C2 (23)  teractions increase, the position of the inflection point shifts

i=0 ' o toward lower concentrations, until it reach€s= 0 and the

whereb; is the equilibrium constant of the solute between theisotherm becomes strictly antilangmuirian (type Ill). The tran-

liquid and the solid phasess; the saturation capacity ang  Sition between types Il and IIl of isotherms takes place when

is the adsorbate—adsorbate interaction parameter on the.site¢he second derivative of the isotherm becomes equal to 0

N is the number of homogeneous patches of the surface, chder C = 0.

acterized by distinct adsorption energies and adsorption con-

stants. It is an index of the degree of heterogeneity of the addq

sorbent. Each single term in E@3) corresponds to the adsorp- 3C?

tion isotherm on one of the sites that can be identified from the

AED. These terms have the mathematical form of the Moread. Experimental

[48] or the quadratic (the second-order Ruthven isoth¢B3)

isotherm models. This equation was derived by Langmuir irt.. Chemicals

1918[68].

Homogeneous surfaces are described/by 1. The absence The mobile phases used in our earlier works in RPLC and
of adsorbate—adsorbate interactions in stremonolayer im- mentioned in this review are all mixtures of methanol or ace-
posesl; = 0, in which case the adsorption isotherm on sitestonitrile with water. All solvents were of HPLC grade, purchased
i is accounted for by a mere Langmuir isotherm model. Sofrom Fisher Scientific (Fair Lawn, NJ, USA). The mobile phases
Eq. (23) is a generalization of the Langmuir model of ad- were systematically filtered before use on a surfactant-free cellu-
sorption on ideal, homogeneous surfaces to the case of nolpse acetate filter membrane, @.éh pore size (Suwannee, GA,
ideal adsorption on heterogeneous surfaces when the nokSA). The hold-up tracer used was thiourea, which gives fair
ideal behavior of the adsorption is moderate and the heter@stimates of the total porosity of the adsorbent. All the com-
geneous surface can be considered as a quilt of homogenede@unds studied here were purchased from Aldrich (Milwaukee,
surfaces. WI, USA).

i=N

b
>0<=>bLz?S (25)
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Table 2
Physico-chemical properties of the ningg®onded columns used in this work
Column Particle size jm) Mesopore Specific Bonding process Carbon Surface End-capping
dimension size (&) surface content coverage
(mm x mm) (m?/g) (%) (umol/m?)
Hypurity elite 250x 4.6 5 190 200 Monomeric 18 3.10 Yes
Kromasil 250x% 4.6 6 110 314 Monomeric 20 3.59 Yes
Luna 150x 4.6 5 100 420 Monomeric 13 3.33 Yes
Symmetry 150« 3.9 5 90 340 Monomeric 19 3.18 Yes
Chromolioth 100x 4.6 Monolith 2um macropore 130 300 Monomeric 59 3.60 Yes
Discovery 150x 4.0 5 180 200 Monomeric 10 3.00 Yes
Vydac 250x 4.6 5 280 70 Polymeric 7 5.0 Yes
XTerra 150x 3.9 5 86 176 Monomeric 12 2.50 Yes
Resolve 150« 3.9 5 90 200 Monomeric 1Q 2.45 No
4.2. Chromatographic columns air-conditioner. The daily variation of the ambient temperature

never exceedett1°C.

The columns mentioned in this work are from several man-
ufacturers and represent a large section of the market of th& Reproducibility of adsorption isotherm data
modern RPLC packing material. Nine brands of manufacturer-
packed columns and one commercial monolithic column were. ]. Packed columns
used to acquire the data reported and discussed in this study. All
these stationary phases wergg®onded, endcapped, porous In this section we study the reproducibility of the adsorp-
silica. One was a “polymeric” packed column, for which ation isotherm data measured on different brands of packgd C
trichloro-octadecyl silane was used in the bonding process insonded stationary phases (seven brands), on different batches
stead of a monochloro-silane. The adsorents used as stationasf/the same brand, and on different columns from the same
phases were Chromolith (Merck, Darmstedt, Germany), Disbhatch. The comparison of the adsorption data between differ-
covery (Supelco, Bellefontaine, PA, USA), HyPurity Elite (Hy- ent brands, batches, and columns from the same batchgef C
persil, Runcorn, UK), Kromasil (Akzo Nobel, Bohus, Sweden),bonded columns has not yet been investigated or discussed in
Luna (Phenomenex, Torrance, CA, USA), Resolve, Symmetryhe literature. Although there is much information there regard-
and XTerra (Waters, Milford, MA, USA), and Vydac 218TP ing the retention factors of a huge number of compounds at
(Vydac, Hesperia, CA, USA). The main characteristics of theinfinite dilution, this information is extremely limited to char-
bare porous silica and of the materials used for the productioacterize retention mechanisms, there is little information on the

of these brands of columns are summarizetiahle 2 isotherm data and almost none acquired systematically. So, it is
most useful to compare the nonlinear adsorption properties of
4.3. Apparatus some of the numerous packing materials that are the fruits of

uniguely researched, developed, and patented processes. This is

The breakthrough curves and the overloaded band profiledone here. Information on the saturation capacity, the equilib-
of all the Compounds studied were acquired using a Hew|ett[ium constants, and the AEDs of these adsorbents will be pre-
Packard (Palo Alto, CA, USA) HP 1090 liquid chromatograph.sented and the differences between the retention mechanisms
This instrument includes a multi-solvent delivery system (threeobserved will be discussed.
tanks, volume 1L each), an auto-sampler with a @hGam-
ple loop, a column thermostat, a diode-array UV-detector, and.1.1. Brand-to-brand differences
a data station. Compressed nitrogen and helium bottles (Na- The adsorption behavior of phenol and caffeine from an aque-
tional Welders, Charlotte, NC, USA) are connected to the in-ous solution of methanol (30:70, v/v) was measured on nu-
strument to allow the continuous operations of the pump, thenerous columns from seven brands of RR-8onded HPLC,
auto-sampler, and the solvent sparging. The extra-column voendcapped columns. These brands are Hypurity Elite (Hyper-
umes are 0.068 and 0.90 mL, as measured from the auto-samp#k Inc.), Kromasil (Eka, Akzo Nobel), Luna (Phenomenex),
and from the pump system, respectively, to the column inletSymmetry (Waters), Chromolith (Merck), Vydac 218TP (Grace
All the retention data were corrected for these contributionsVydac) [69] and Discovery (Supelcdy0,71] Figs. 10 and 11
The flow-rate accuracy was periodically controlled by pumpingsummarize the experimental adsorption isotherm data measured.
the pure mobile phase at 2€ and 1 mL/min during 50 min, Almost all the sets of data fitted very well to the bi-Langmuir
from each pump head, successively, into a volumetric glass ahodel, the exception being Discovery for which the adsorption
50 mL. The relative error was less than 0.4%, so that we cadata fitted better to a tri-Langmuir isotherm model. The choice
estimate the long-term accuracy of the flow-rate g /Amnin of the best isotherm model was confirmed by the results of the
at flow rates around 1 mL/min. All measurements were carriedalculations of the AEDs. The best isotherm parameters are re-
out at a constant temperature of°Z2, fixed by the laboratory ported inTables 3 and 4or phenol and caffeine, respectively.



300 4
»
200 ./
E b/ o a—
k-2 pe 3 v—Y
1004 e
4 s L an—n—n—nE
"

E Gritti, G. Guiochon / J. Chromatogr. A 1099 (2005) 1-42 19

.-

»

—m—\Vydacq =829/l
@ Hypurity Elite g, =202 g/l
Symmetry g5 =190 g/L
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<~ Chromolithq =254 g/L
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Fig. 10. Brand-to-brand reproducibility of the adsorption isotherm of phenol
on seven different ¢3-bonded stationary phases. Methanol:water, 30/70 (v/v),

The significant difference in the saturation capacities of the
different brands is striking for both compounds. The polymeric
packed column (Vydac) has the lowest capacjty<€ 100 g/L),
obviously, at least in a large part, because the adsorbent it-
self has the lowest specific surface ar§ga+£ 70 n?/g). Dis-
covery has, by far, the largest total saturation capacity, fol-
lowed by the monomeric, monolithic column (250g/L). All
the other monomeric packed columns have saturation capaci-
ties very close to each other (around 200 g/L). The adsorption
data of butyl benzoati3] had also shown that the monolithic
RPLC adsorbent has alarger saturation capacity, around 20-30%
larger. The high value measured for Discovery, around 1000 g/L
and 500 for phenol and caffeine, respectively, is surprising and
unexplained. These values are at least five and two times more
than those of the other commercial brands, for phenol and caf-

T = 295K. Note the significant differences between these columns (saturatiofeiN€, respectively. The physical properties of this column are not

capacities).

120 4

q* [g/L]

—m—Vydac q, =67 g/lL

—@— Hypurity Elite g, =164 g/L
Symmetry q =151 g/L
—w— Kromasil d,=168g/L
Luna 9qz=196g/L
<~ Chromolith g, = 209 g/L

—b— Discovery q,=421g/L

C [gl]

42 63

Fig. 11. Same as iRig. 10 except for caffeine.

so much different from those of the other columns, however. In
particular, Discovery and Hypurity are almost identical regard-
ing the physico-chemical characteristics of their silica support,
still their adsorption isotherms deviate considerably from those
on the other materials, particularly at high concentrations.
Tables 3 and 4Figs. 10 and 1ldemonstrate that, for all
the RPLC columns studied, the saturation capacity decreases
(by ca. 20%) and the proportion of high energy sites to the
overall capacity decreases markedly (ca. six-fold) from phenol
(Mw = 94 g/mol) to caffeineM\ = 194 g/mol). The compari-
son between the results obtained for caffeine and phenol leads to
an important conclusion regarding the adsorption mechanism.
The adsorption data are consistent with the relative retention of
phenol and caffeine being caused by their exclusion from the
stationary phase. It is at first surprising if not paradoxical that,
despite the solubility of caffeine (<36 g/L) in the methanol:water
solution (30:70, v/v) being much lower than that of phenol
(= 160 g/L), the bulkier, more hydrophobic caffeine molecule is
less retained than phenol. The isotherm data explain easily this

These results suggest that these RPLC columns have heterogerange phenomenon that linear chromatographic data cannot
neous surfaces that contain sites of two different types (thregccount for. The contribution of the high-energy sitgs4b2)

types for Discovery), a result in agreement with the AED datao the overall retention of phenol and caffeine represents about
discussed later.

Table 3

75 and 35% of the total retention, respectively. Even though

Best isotherm parameters accounted for by the adsorption of phenol on seven different brands gbBfd€d HPLC columns from a mixture of methanol and

water (30/70, v/v)

Column Vydac Hypurity Symmetry Kromasil Luna Chromolith Discovery
TotaPporosity 0.66 0.71 0.59 0.61 0.63 0.84 0.72
gs1 (Mol/L) 0.58 (0.53) 1.44 (1.52) 1.46 (1.41) 1.36 (1.35) 1.37 (1.34) 1.96 (1.82) 11.88 (13.84)
b1 (L/mol) 1.11 (0.84) 0.71(0.47) 0.98 (0.73) 1.37 (1.34) 0.94 (0.69) 1.28 (0.94) 0.15 (0.141)
gs,2 (mol/L) 0.29 (0.36) 0.71 (0.85) 0.56 (0.65) 0.63 (0.64) 0.87 (1.00) 0.75 (0.98) 0.83(0.88)
b (L/mol) 7.31(5.67) 7.72 (6.08) 10.9 (6.99) 11.8 (11.6) 9.11 (7.36) 11.8 (7.85) 6.69 (6.81)
gs.3 (Mol/L) - - 0.48(n.d.) - - 0.36(0.30) 0.06 (0.03)
b3 (L/mol) - - 18.8(n.d.) - - 37.8(46.7) 28.7 (45.1)
% 33% (40%) 33% (36%) 28% (32%) 32% (32%) 39% (43%) 28% (35%) 6.5% (6.5%)
4s1 1 4gs2
h—z 7(7) 11 (13) 11 (10) 9(9) 10 (11) 9(8) 45 (48)

1

The values in parentheses are the isotherm parameters derived from the calculation of the AED.

a Derived from the injection of thiourea.

b Measured with 20% methanol in the mobile phase.
¢ Measured with 15% methanol in the mobile phase.
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Table 4
Best isotherm parameters accounted for by the adsorption of caffeine on seven different brandg gbBfd€d HPLC columns from a mixture of methanol and
water (30/70, v/v)

Column Vydac Hypurity Symmetry Kromasil Luna Chromolith Discovery
TotaPporosity 0.66 0.71 0.59 0.61 0.63 0.84 0.72

gs1 (mol/L) 0.33(0.34) 0.79 (0.80) 0.74 (0.76) 0.82 (0.84) 0.95 (1.02) 1.03 (1.02) 2.15 (3.27)
b1 (L/mol) 2.69 (2.30) 2.27 (2.26) 2.64 (2.43) 2.84 (2.74) 2.57 (2.31) 3.16 (3.2) 1.49 (1.13)
gs.2 (mol/L) 0.02 (0.02) 0.05 (0.05) 0.03 (0.04) 0.05 (0.04) 0.06 (0.06) 0.05 (0.04) 0.02 (0.02)
b (L/mol) 52.5(30.2) 20.6 (21.2) 26.3 (22.0) 27.0 (28.0) 24.0 (22.7) 35.4 (38.2) 39.6 (36.3)
EreeTe 6% (7%) 6% (6%) 4% (6%) 5% (5%) 6% (6%) 5% (4%) 1% (0.7%)

2 20(7) 9 (13) 10 (10) 10 (9) 9 (11) 11 (8) 45 (27)

The values in parenthesis are the isotherm parameters derived from the calculation of the AED.
a Derived from the injection of thiourea.

the retention contribution of the low-energy sites is larger forE6436). These batches are the same as those studied earlier,
caffeine than for phenol, this effect does compensate for the reinder linear conditions, by Kelg’3]. The Gg derivatization
duction of the contribution of the sites of type 2. The major differ-process and the endcapping process were carried out separately
ence is that caffeine cannot access as many type 2 sites as pheanldifferent batches of bare silica. The physico-chemical prop-
can. The larger size of the caffeine molecules causes their eerties of the bare silica and the corresponding @erivatized
clusion from narrow adsorption sites located between randomlgilica are given inTable 5 The accurate adsorption data were
coiled alkyl chains that may accommodate phenol molecules. measured by FA only on column E6019, for seven different chro-
Obviously, the comparison of the adsorption data obtainednatographic systems (different mobile phase compositions and
with different brands of RPLC packing materials shows qualita-compounds) exhibiting several different isotherm shdjgé$
tive similarities (they have the same adsorption model, except fofhe best isotherm models were derived according to the method
Discovery for which the model is still similar), as we should ex- described earlier (see Sectigh A different method was used
pect from materials that are chemically quite similar. Howeverto measure the adsorption isotherm with the columns of the five
there are significative differences in the values of the isothernother batches, for the sake of saving on the time and the chemi-
parameters. These differences are not fully explained by differeals needed to obtain the data. The inverse mefBiod5]was
ences between the physico-chemical characteristics of the bansed. Overloaded band profiles were recorded and used to esti-
silica. Of critical importance for preparative purposes, the colimate the best parameters of the isotherm model that fitted the
umn capacity varies widely. The Discovery adsorbent shows adata of the same system on column E6019. This method uses
exceptionally high saturation capacity and may warrant attenthe equilibrium-dispersive model of chromatography to calcu-
tion from those interested in sample preparation. Unfortunatelyate chromatographic band profiles and optimizes the parame-
the total saturation capacity is of modest importance comparetirs of the isotherm model to achieve the best possible agree-
to the saturation capacity of the high energy dits72] These ment between experimental and calculated band profiles. The
sites fill first and, when they become saturated, retention denethod relies on the assumption that the materials packing
creases markedly causing the changes in peak profile associatheé different columns are too similar for the isotherm model

with column overloading124]. to change from one column to the others. The differences be-
tween two columns will result only in numerical differences
5.1.2. Batch-to-batch reproducibility between the isotherm parameters and, in the cases of columns

Isotherm data were acquired with columns of six Kromasil-from different production batches, these differences should
Cig batches (batches E6019, E6103, E6104, E6105, E6106, ate small.

Table 5
Physico-chemical properties of the 10 packed Kromagi€dlumns (Eka)
Columns Bare silica batch Silica-Gg batch
Particle Particle size pore Surface Na, Al, Fe Total Surface
size (wm) distribution size area content carbon coverage
(90:10, % ratio) A (m?/g) (ppm) (mass %) (mmolin?)
E6019 (1) 5.98 1.44 112 314 11;<10; <10 20.00 3.59
E6021 (1) 5.98 1.44 112 314 11; <10; <10 20.00 3.59
E6022 (1) 5.98 1.44 112 314 11, <10; <10 20.00 3.59
E6023 (V) 5.98 144 112 314 11; <10; <10 20.00 3.59
E6024 (V) 5.98 1.44 112 314 11;<10; <10 20.00 3.59
E6103 (VI) 5.98 144 112 314 11; <10; <10 19.65 3.51
E6104 (VII) 5.98 1.44 112 314 11,<10; <10 19.85 3.55
E6105 (VIII) 6.03 1.38 112 322 15; <10; <10 20.00 3.50
E6106 (IX) 6.24 1.48 107 333 23;<10; <10 20.60 3.52

E6436 (X) 6.11 1.46 114 313 15;13; 14 19.80 3.55
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Fig. 13. Same as ifrig. 12 except for the compound propranolol (S-shaped
Fig. 12. Batch-to-batch reproducibility of the adsorption isotherm of phenolisotherm) and the mobile phase composition (40% methanol, v/v).
(langmuirian isotherm) measured on six different batches of Kromasil-C
bonded phases. Methanol:water, 45/55 (VIiV)= 295 K. Except for the batch

ater, ¢ reproducibility discussed above. The differences observed are
E6436, the level of reproducibility is very good.

explained by the limitations of the reproducibility of the pack-
ing process (fluctuations of the exact column dimensions and

We report here only the data characterizing the reproducibil- . . e -
ity of the adsorption isotherms of three compounds, one with of the packing densit}74,75)), not by the limited reproducibil-

. . L el’ty of the bonded silica. The best isotherms calculated from the
convex upward isotherm (phenol, bi-Langmuir isotherm), NS sotherm parameters given by the inverse methods are shown in
with an S-shaped isotherm (propranolol, Moreau isotherm), ar}i P 9 y

one with a convex downward isotherm (ethyl benzene, BET. . . S .
. . . tively. In this case, there were no outliers like in the previous one.
isotherm).Figs. 12—14show the isotherms of these three com- - .

The column-to-column reproducibility, however, is not perfect.

pounds calculated with the optimized sets of isotherm parame-, ~ ° : . -
ters for each of the six batches and the three compounds. Tﬁl’he five columns packed with the same material have definitely

reproducibility of the adsorption isotherm is excellent for five sﬁghtly different total porositie¢74] after their packing with

out of six batches. The batch E6436 exhibits obvious but sulfhe slu_rry method. The retentpn fac'Fors at '.”f'”'te dilution are
. . , . also slightly different, suggesting slightly different phase ra-

modest differences, with a lower saturation capacity than aver:= . :
. tios. The standard deviations of the best isotherm parameters for

age for the five other columns (138 g/L versus 156 g/L for phe-

the column-to-column reproducibility were the same as those
nol, 170 g/L versus 186 g/L for propranolol, and 156 g/L versu o ; .
176 g/L for ethyl benzene. There are no clear physical eXpljf’[ound for the batch-to batch reproducibilff§5]. This confirms

nations for this observation that would be consistent with theTzftE;gg I?\tf)lngl;(rjelg:ggnu;slikl)I(I:IzuonfwSp#r?e?;jzfr:%?f?:efé;ebtt
physico-chemical parameters of the six columns (Ex#e 5. 18 ‘

According to Felinger et al[75], the reproducibilities of both tweef‘ columns orlgm.ates.m small fluctuations 9f the pa""”.‘g
) . I density and of the tubing size that take place during the packing
the saturation capacitieg and the equilibrium constantsof

these isotherms is between 1.2 and 3% when the data for col-

igs. 15—-17or phenol, propranolol, and ethylbenzene respec-

umn E6436, considered as an outlier, are omitted. This degree of L
reproducibility is remarkable given the complexity of both the
nonlinear phenomenon accounting for the propagation of high ETHYLBENZENE
concentration bands and the manufacturing process of porous
silica and its bonding. A similar degree of reproducibility was & 200
. e )
observed for the isotherm models and parameters of aniline (Jo- =
vanovt isotherm), caffeine (bi- Langmuir isotherm), and theo- = '
phylline (Toth isotherm]75]. We can expect comparable batch- S batch E6019
to-batch reproducibility levels for the other manufactured brands 100 *— batch E6103
of RPLC columns. batch E6104
—v— batch E6105
2 batch E6106
5.1.3. Column-to-column reproducibility > <~ batch EB436
The reproducibility of the adsorption isotherms of phenol, 0 . - . .
propranolol, and ethyl benzene on five columns packed with & K ¢ o] e A

the same batch of Kromasilig packing material were com-

pared. The isotherm data were measured using the same ify. 14. Same as iffig. 12 except for the compound ethylbenzene (anti-
verse method as that used for the study of the batch-to-bataingmuirian isotherm) and the mobile phase composition (80% methanol, v/v).
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Fig. 15. Column-to-column reproducibility of the adsorption isotherm of phenolFig. 17. Same as ifFig. 15 except for the compound ethylbenzene (anti-
(langmuirian isotherm) measured on five different columns packed with the samngmuirian isotherm) and the mobile phase composition (40% methanol, v/v).
batch of Kromasil-Gg bonded material. Note the very good reproducibility level.

process, as suggested by the small column-to-column variatior?s0 rption isotherm (convex upward, S-shaped,_ or convex down-
of the hc;ld-up times ward). For these four columns, the reproduublllty was better

' than 5 and 2.5% for the low and the high concentration over-
loaded band profiles. Two other columns gave different results,
with retention times between 6 and 15% larger and 2 and 7%

. i ) ) lower, respectively, than those obtained with the four similar
The reproducibility of the adsorption data obtained with a|°tcolumns. The differences appeared to be correlated to differ-

of six new monolithic columns (Chromoliths, Merck, Ger-  gnceq in the column total porosities of these six columns.
many) was also measured. Monolithic materials have gained Phere is an average maximum absolute difference of 0.025 in
considerable interest in the last 5 years and they are now widely, o jitference of about 35L in the column hold-up volume.
a_cceptec[76]. Thelr application for preparative HPLC applica- rpg may be small butitis sufficient markedly to affect the repro-
tions is under intense study. The same method of column chagyginjlity of the retention properties of these columns. At this
acterization as that used for packed columns was apBlield gaqe. it is likely that the preparation of monolithic columns,
With monolithic columns, it is not possible, however, to St“dywhich are commercially available for only a mere 5 years, is

separately column-to-column and batch-to-batch reproducibilyjy somewhat less reproducible than that of the manufacturing
ities because of the characteristics of the manufacturing pros¢ nacking material§74]. Systematic measurements carried out
cess (there is only one column per batch). The results obtainggh, 4 larger number of monolithic columns and more com-

demon_strated that four of the six columns gave nearly identic%ounds would be required to achieve a more precise insight
numerical values for the isotherm parameters, independently @f, ihe |evel of reproducibility of these new chromatographic
the nature of the compound studied and of the corresponding adg| ,mns.

5.2. Monolithic columns

135

6. Heterogeneity of RP-C;3 HPLC columns
PROPRANOLOL

Although all chromatographers realize that the surfaces of
packing materials are somewhat heterogeneous and that this de-

3 1 fect may explain numerous difficulties, the field has been graced

* by far more spirited discussions that sound data. The problem of
o —mn—column E6019 X L

—a— column E6021 the heterogeneity of modern RPLC columns has intrigued and

column E6022 aroused but has yet brought few sound, quantitative answers.

—u— column EB023
column E6024

4 There are no doubts that RPLC materials exhibit heterogeneous

surfaces, that the silica surface has embedded inorganic impuri-

o ties (e.g., aluminum, iron, boron, sodium), that it is rough down
P tothe molecular level, and that itis sprinkled with a finite density
0“0 ‘ = ; 7 ; .} of nefarious silanol groups. However, if attention has focused on

these groups, little or no interest has been devoted to the structure
of the bonded alkyl layer in connection with this surface hetero-

Fig. 16. Same as iffig. 15 except for the compound propranolol (S-shaped 9€neity. Most cogent conclusions originate from the analysis
isotherm) and the mobile phase composition (40% methanol, v/v). of chromatographic data that were obtained at infinite dilution,

C [g/L]
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hence under linear conditions. Tests based on linear elution @n Kromasil-Gg from mixtures of methanol and water (45/55
weak or strong basic compounds reveal high-energy sites of irand 30/70, v/v, respectivelyy9]. The adsorption of both phe-
teraction between these bases and the acidic silanol groups, leaw! and caffeine can be well described using either a unimodal
ing to an excessively high retention (thermodynamic contribuisotherm model, the @th model[80,81], or a bimodal one, the
tion) and/or to strong peak tailing (thermodynamic and/or kinetici-Langmuir model[82]. The former isotherm has one rather
contributions). The slow kinetics of the desorption process fronbroad and unsymmetrical energy mode in its AED while the sec-
these high-energy silanol sites has been the most widespreadd one has two very narrow modes that are well resolved. This
physical interpretation of peak tailing in chromatography. It isimplies two quite different models of heterogeneity of the adsor-
only recently that chromatographers begin to understand howent surface that are not compatible. An independentapproach is
pervasive and obnoxious is the contribution of surface heteraaecessary to choose between them, for example another method
geneity to elution profiles at low concentratiofr®,72] Yet,  of treatment of the adsorption data.
this contribution is of thermodynamic origin. The calculation of the AED brings this new piece of infor-
Recent investigations based on the measurement of adsonmation. The AEDs obtained for caffeine and phenol are both
tion isotherms and on the appropriate treatment of these datamodal, which suggests to ignore the unimodaiTisotherm.
by calculating the AED of the surface (see Sectib®) have  Conclusion on the heterogeneity of the surface is then straight-
broughtup newinsights and opened new lines of thinking regardforward. Both phenol and caffeine may adsorb on two distinct
ing the interpretation of peak tailing in chromatograjpty,78]  types of sites that have quite different adsorption energies, each
Most importantly, it was demonstrated that it is extremely rareof them nearly homogeneous. They do not adsorb on sites of a
in RPLC that a common, simple isotherm model (e.g., the Langsingle type having a continuous, somewhat broad energy distri-
muir or Jovanovic isotherm models) can ever be applied to adaution, tailing toward the low energies. Obviously, this conclu-
count for actual adsorption data (note that this statement is naion has important implications regarding the adsorption mech-
true for other modes of chromatography, e.g., normal phase, nanism of these two compounds and, more generally, regarding
for big molecules, e.g., proteins in RPLC). retention mechanisms in RPLC. For example, it is noteworthy
Adsorption isotherm data of selected probes may provide #hat the difference between the adsorption energies on the two
guantitative measure of the heterogeneity of the surface of adypes of sites is only about 5 kJ/mol. Although this difference is
sorbents. These data can be fitted to isotherm models and canibgortant and will explain the poor overloading behavior of the
usedto calculate the AED of the surface for these probes. The dstationary phase under slightly overloaded condititis72],
termination of the fractions of the adsorbent surface onto whiclit is small as far as molecular interactions are concerned. It is
the compound is adsorbed with a given adsorption energy inikely that the physico-chemical nature of the interactions is the
forms on which sites are preponderant. The difference betweesame on both types of sites, 1 and 2. The difference is too small
the adsorption energies on different types of sites informs omo be consistent with one type of sites corresponding to van der
the nature of the different interactions between the surface and/aals interactions (bonded alkyl chains and molecules of phe-
the probe. We review now the results on the heterogeneity afiol or caffeine) and the other to strong ion-exchange interactions
common stationary phases based on the adsorption data for two to interactions with an isolated silanol group. Furthermore,
neutral compounds, phenol and caffeine. These two compoundsy hydrogen-bonding interactions with an isolated silanol are
have different molecular weights (94 and 194 g/mol) and differ-very unlikely because of the relative importance of the area cov-
ent sizes, the former containing one, the second two aromatiered with type 2 sites. According to the AED calculations, the
rings. Because of their relatively high polarity (see Sec8hn fractional surface areas of these sites represent 23 and 2.6% of
their adsorption isotherms ongbonded silicas are always con- the total available accessible surface area of the adsorbent, for
vex upward. Accordingly, the overall isotherm can be decomphenol and caffeine, respectively. Silanol groups probably cover
posed into the sum of several elementary Langmuir isothermslose to 23% of the adsorbent surface area after completion of
Each single langmuirian contribution describes a distinct regiothe G g derivatization and of the endcapping of the silica sur-
of the solid surface. The higher the number of Langmuir termsface. Using the results of NMR measurements, Scholten et al.
the higher the degree of heterogeneity of the bonded material[83] showed that after the derivatization of the silica surface
with dimethyl-octadecylsilane, 21% of the surface groups were
6.1. The necessity of calculating the AED shielded silanols, 20% were free silanols, and 59% were alkylsi-
lane ligands. The endcapping process probably eliminates alarge
It is not unusual that the same adsorption isotherm data adraction of the free silanols but leaves unaffected the shielded
quired by FA fit both a unimodal and a multi-modal adsorptionones so that, after derivatization and endcapping, about 35% of
isotherm model, both with reasonably large values of the Fishesilica surfaces is covered with shielded (hence unaccessible for
coefficient. This leads to model indetermination. Yet, there ignteractions with solutes) silanol groups, 5% being free silanols,
but one isotherm model that is physically correct. It may be dif-and 60% of these surfaces is covered with octadecyl ligands.
ferent from the models tried, different from the models that weAccordingly, the accessible silanol groups cannot account for
know, and we may never find it. We must try to approach it and23% of the adsorbent area after completion of the @eriva-
find a model that differs from the true one in ways lesser tharization and of the endcapping of the silica surface. Finally, it
the errors of measurements. Such a case was encountered, &mpears that type 2 sites are certainly size selective. The larger
example, in the study of the adsorption of phenol and caffeineaffeine molecules can visit only one tenth of the sites to which
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the smaller phenol molecules have access. Size selectivity ma@esolve-Ggand the endcapped Symmetrys@nd XTerra-Gs,
explain the difference in the relative abundance of the highall three manufactured by the same company, Waters (Milford,
energy sites for phenol and for caffeine. MA, USA). The same mixture of methanol and water (25/75,
Finally, it is important to observe that an AED is a charac-v/v) was used as the mobile phase. The abundance of isolated
teristic of both the surface studies and the probe. The featureslanols increases from XTerrar§{almost nonexistent, accord-
of an AED do not directly mirror the surface heterogeneity ofing to referencd84]) to Symmetry-Gs, and to Resolve-.
the material. They depend on which aspects of the surface atdowever, the adsorption behavior of phenol is almost the same
observed or probed. First, isotherm measurements and AED cain these three different adsorbents. A bimodal energy distribu-
culations remain insensitive to any surface heterogeneity the sizin was found for all three adsorbenEd. 18). The best corre-
of which is small compared to the dimensions of the moleculesponding parameters are givenTiable 6 Qualitatively, the de-
of the probe solute because the interactions between the surfageee of heterogeneity of these three adsorbents is identical. The
and the probe molecule average out the effects of these smallalues ob1 andb, and their ratios are very close for the three ma-
local heterogeneities. A heterogeneity of the electrostatic fielderials (Table §. We note, however, significant differences in the
above the adsorbent surface is observed only if it affects the intelegree of heterogeneity of the two types of sites. Symmetry has
gral of all the interactions of the surface with the probe moleculecertainly the narrowest modes for both types of sites. Their mode
The AED of an alkane will have far fewer distinctive featuresin the AED being slightly wider, the high-energy sites of XTerra
than that of an amino acid (assuming that both can be acquiredre slightly more heterogeneous than those of Symmetry but the
The true surface heterogeneity cannot be obtained by chromattpw-energy sites are much wider, thus more heterogeneous. The
graphic measurements, only the heterogeneity of the interactiom®nverse is true for Resolve. The saturation capacities of both
of several probe molecules with this surface can be. The AEBites are lower on Symmetry than on the other two materials,
gives only a precise idea of the way in which the analyte interXTerra and Resolve, probably because of the lower total poros-
acts with the surface, depending on the nature of the solute arnty of Symmetry. The presence of non endcapped regions on Re-
on the mobile phase composition. The degree of heterogeneigolve does not affect the retention of phenol, probably because
of RPLC adsorbents can be compared only when using the santigese regions are preferentially covered by the polar molecules
probe molecule and mobile phases of similar composition. Thef water or methanol. Some isolated silanols may be trapped
knowledge acquired is limited to the main interactions involvedwithin the Gg-bonded layer but they must remain inaccessible
in the retention of the compound studied. In the next sectionto the analyte which does not seem to be able to form strong in-
we compare the results obtained with eight different brands oferactions with them. A fraction of 25-30% of the surface which
RPLC materials using phenol and caffeine and the same solutiaran be in contact with phenol molecules is covered with high-

of methanol and water. energy sites but the difference between the adsorption energies
on the two types of sites is only about 5 kJ/mol. Accordingly,

6.2. Comparison of the surface heterogeneity of various it makes little difference for phenol whether the column is end-

types of C1g-bonded columns capped or not, which is consistent with phenol not being retained

on pure silicg45]. This molecule is not small enough to probe

The AED of a probe on an adsorbent informs on whethethe fine details of the surface heterogeneity induced by the ab-
the adsorption model that accounts for the adsorption data hagnce of endcapping. The size of the probe is not appropriate to
a unimodal or a multi-modal energy distribution and on the rel-detect any differences between endcapped and non-endcapped
ative homogeneity of the different adsorption sites located omdsorbents.
the surface studied. In the case studied here, the first results In contrast (seéig. 19, caffeine shows significant differ-
showed that the adsorption of low molecular weight compoundences between the two types of adsorbent. Its AEDs on XTerra
on Gig-bonded endcapped silica takes place on two distinct typeand Symmetry are bimodal, like those of phenol, consistent with
of sites. This conclusion is valid for eight of the nine columnsthe bi-Langmuir model accounting well for the adsorption data
studied. This result should be checked on numerous other conof caffeine. On Resolve, however, the AED is tetramodal and a
mercial columns in order to find out what is its degree of genertetra-Langmuir isotherm best describes the adsorption isotherm
ality and whether there are exceptions that would inform bettebehavior of caffeine. The relative abundance of the high-energy
on the nature of the different types of adsorption sites that catype 2 sites to the low-energy type 1 sites is far smaller for caf-
be identified on these adsorbents. feine than for phenol on all three stationary phases. It decreases

We first discuss studies on the impact of the endcapping pran the same time as the size of the probe which suggests its exclu-
cess after derivatization of the silica and on the morphology ofion from sites that are more deeply located in thg-bnded
the solid support (monolithic or packed particles) on the surfacéayer. Note, however, that the relative abundance of types 2 and 1
heterogeneity of RPLC adsorbents. Then we compare the hedites is higher on the non-endcapped Resolve (15% versus 5 and
erogeneity of various brands of modern endcappgd©onded 9% for Symmetry and Xterra). The endcapping certainly elimi-

packing materials. nates a significant fraction of accessible sites of type 2. The most
striking result obtained is the apparition of two new high-energy
6.2.1. Endcapped and non-endcapped materials sites in small and very small amounts, respectively, on Resolve.

The adsorption isotherms of phenol and caffeine were meaFhe energy difference\ E, between sites of types 1 and sites of
sured by FA and their AED calculated on the non-endcappetypes 3 and 4 is about 10 and 20 kJ/mol, respectively. The sites of
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Best isotherm parameters accounted for by the adsorption of phenol and caffeine on three different brandggdidRBed HPLC columns from a mixture of
methanol and water (25/75, v/v)

Column Probe solute

Phenol Caffeine

Resolve Symmetry XTerra Resolve Symmetry XTerra
End-capped No Yes Yes No Yes Yes
TotaPporosity 0.63 0.60 0.64 0.63 0.60 0.64
gs,1 (Mol/L) 2.01(2.01) 1.46 (1.41) 2.00 (2.00) 0.81(0.81) 0.74 (0.76) 0.79 (0.79)
b1 (L/mol) 0.65 (0.67) 0.98 (0.73) 0.54 (0.52) 3.36 (3.72) 2.64 (2.43) 2.89 (2.75)
gs,2 (mol/L) 0.69 (0.67) 0.56 (0.65) 0.65 (0.68) 0.14 (0.11) 0.03 (0.04) 0.08 (0.09)
by (L/mol) 9.1(9.4) 10.9 (7.0) 12.2 (10.9) 27.9 (33.6) 26.3 (22.0) 29.9 (25.4)
= ;’if{sz 26% (25%) 28% (32%) 25% (25%) 15% (12%) 4% (5%) 9% (10%)
% 14 (14) 11 (10) 10 (10) 8(9) 10 (9) 10 (9)
gs.3 (mol/L) - - - 0.014 (0.011) - -
b3 (L/mol) - - - 237 (267) - -
gs.4 (Mol/L) - - - 0.00030 (0.00028) - -
bg (L/mol) - - - 13000 (13550) - -

The values in parentheses are the isotherm parameters derived from the calculation of the AED.
@ Derived from the injection of thiourea.

type 3 do not seemto be due to strong interactions between eitherethanol concentration had to be decreased to 15% to achieve
isolated or free silanols and caffeifdb]. These sites are prob- a retention compatible with a sufficient accuracy of the FA data.
ably strongly hydrophobic sites on which the analyte is deeplyit has been shown that the methanol concentration does not
embedded in the layer ofig-bonded chains. The nature of the change the number of types of adsorption sites but essentially
adsorption sites of type 4 is subject to discussion. The high adiffects the relative proportion and the adsorption energies of
sorption energy on those sites suggests that strong interactiotieese site§85-87] It was also shown that the relative abun-
take place, possibly with some isolated silanols within the hy-dance of the high energy sites of the endcapped Kromasil adsor-
drophobic layer. The number of sites of type 4 (0.30 mmol/L)bentincreases with decreasing methanol concentration while the
corresponds to a surface density of about 1 nmgl/mvalue  adsorption constant follows the linear solvation strength model
which may be consistent with residual, isolated silanols. How{LSSM) [86]. A similar result should be expected for Chro-
ever, such interactions are absent with the smaller analyte pheiolith. Fig. 20 shows that the AEDs of phenol and caffeine
nol, which has a better access to these silanols but does not seemChromolith are trimodal and quadrimodal, respectively. The
to interact strongly enough with them. These high energy sitebwest two energy modes appear to be the same as those observed
contribute significantly to the retention of the compound. In theon classical packed columnBifs. 18 and 1P They could cor-
case of caffeine, the contributions to the retention of each typeespond to the adsorption at the interface between the solution
of site are nearly the same. Because of the very high energy arahd the hydrocarbon layer and to the dissolution of the ana-
very low capacity of the sites of type 4, there is an extensive pealyte inside the bonded layer, respectively. Despite the fact that
tailing at low concentrations, a tailing that is of thermodynamicthese columns are endcapped and derivatized with i@uch
origin and that cannot be eliminated because linear behavior isigher energy sites are observed, with adsorption constants 80
not yet achieved at the detection limit. This also explains whyand 1500 times larger than on type 2 sites. The particular mor-
the elution order of caffeine and phenol is reversed on Resolvghology of the Chromolith silica (monolithic columns are often
on the one hand, and on XTerra and Symmetry, on the other. viewed as made of interconnected porous-silica cylin{&8%

As a result, it appears that caffeine is more suitable than phewvhile packed columns as interconnected porous spheres) may
nol to assess the degree of heterogeneity of ieb®©nded sur-  lead to regions where the density of the bonded alkyl chains is
faces of non-endcapped materials. The endcapping of the adsaignificantly different from that in other regions (e.g., on flat and
bent certainly helps to make the surface of the adsorbent morirved surfaces). This structure might favor the formation of a
homogeneous, not only by removing a fraction of the nefariousew new hydrophobic adsorption sites. However, the formation
silanol groups, but also by smoothing out some of the roughness these new sites or of part of them may also be a consequence
of the G g-bonded phase structure. of the reduction made in the methanol content of the mobile

phase.

6.2.2. Monolith and packed columns

The adsorption isotherms of phenol and caffeine and thei6.2.3. Monomeric and polymeric columns
corresponding adsorption energy distribution have also been Monomeric phases have become by far the most popular
measured on the endcappegg@hromolith adsorbentfr8]. RPLC stationary phases. They can be obtained by reaction of a
Because of the very high total porosity of the column (ca. 0.87)monofunctional silane (e.g., an alkyldimethylchlorosilane) with
there is a low amount of solid material in the column and thesilica to form a siloxane bridge between the organic and silica
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Fig. 18. AEDs of phenol on non-endcapped (Resolygf@nd endcapped Fig. 19. Same as iRig. 18 except for caffeine. Note this time the appearance
(XTerra-Gig and Symmetry-gg) stationary phases. Methanol:water, 30/70, of two new adsorption sites with the non-endcapped column. Reproduced with

(v/v). Note the same bimodal AED for each column. Reproduced with per-permission from{45](Figs. 6A and &) and [69] (Fig. 4B) ©2003, American
mission from[78] (Figs. 1A and 2) and [69] (Fig. 4A). ©2003, American  Chemical Society.
Chemical Society.

or to improve chromatographic selectivity, another method of
moities. Depending on the degree of control of the reaction conbonding alkyl chains to the silica surface is possible. Polymeric

ditions, it is possible to achieve a surface coverage of betwegphases are prepared from di- or tri-functional silanes. Their use
2.0 and 4.qumol/m? (seeTable 9. With these adsorbents, one leads to higher chain densities but also to a more complex sur-
surface silanol is covalently bound at most to one alkyl chainface chemistry. Because the silane reagent may either anchor
which limits the bonding density to around 4uthol/m?. To  to the surface (Si—~OH) or to another silane by hydrolyzation,
achieve higher chain densities, in order to prevent access of tleepolymeric network will form that extends out from the silica
solute to the bare silica surface, to increase column stabilitysurface.Table 2shows that the chain density of the polymeric
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silica packed columns). The mobile phase was the same solu-
0.8+ tion of methanol and water in all cases (30/70, v/v). All the
Phenol adsorbents exhibit a bimodal AED for the adsorption of caf-
feine. Most exhibit also a bimodal AED for phenol, except for
two columns, Symmetry and Discovery, for which the AED is
trimodal, consistent with a tri-Langmuir isotherm model. The
0.4 degree of heterogeneity of the adsorbent is higher with phenol
than with caffeine. In two columns, a third type of adsorption
sites was identified and the abundance of the type 2 sites relative

0.6+ Chromolith-Cyg
End-capped

qg, [mol/L]

02 to that of the type 1 sites is always larger with phenol (around
30%) than with caffeine (around 5%). Phenol seems to have

0.0 access to numerous small hollow cavities inside the hydropho-
—— bic layer which caffeine cannot penetrate. It has been shown
6 4 ST 2 4 that the retention on the type 2 sites found on endcapped RPLC

columns is entropically drivef69]. This explains the striking
observation that the compound of the pair with the lower molec-
012 ” ular mass (94 g/mol versus 194 g/mol) and the larger solubility
in the mobile phase (>160 g/L versus <40g/L) is the more re-
tained. The reversed order of elution would have been expected
Chromolith-C g in RPLC. This would take place if the high-energy sites were
0.08+ End-capped absent and the surface were homogeneous (the average Henry
constant for all monomeric £g-bonded columns would then be
H; = 1.0 and 2.0 for phenol and caffeine, respectively). Be-
0.04 cause the surface is heterogeneous and type 2 sites are present.
all predictions based on the hydrophocity and the solubility of
w the analyte are doomed to failure. The reason is that smaller
_J solutes can penetrate more deeply inside the more accessible
, i , , i small cavities between the chains in thgs®onded layer than
- -4 2 n b 0 2 4 larger ones. On the other hand, as was expected, the average
adsorption constants of caffeine on these phases are stronger
Fig. 20. AED of phenol on the Chromolith:g adsorbent. Methanol:water, than those of phenobf =~ 1.0 _and 2.5 L/m‘?' and; =~ 1(_) and
25/75 (viv). Note the higher degree of heterogeneity of monolithic column by25 L/mol for phenol and caffeine, respectively). The difference
comparison to spherical packed columns @igs. 18 and 19 Reproduced with  in retention does come from the different saturation capacites of
permission fron{78] (Figs. 3 and § the high-energy sites for the two compounds.

The separation mechanism of two simple analytes can be
phase Vydac is nearly twice greater that those of the monomerig|ly understood from the accurate knowledge of the param-
phases (5 versus an average of aboupl/L). eters of their adsorption isotherms (i.e., the number of types

The results of the FA measurements and the isotherms oyt agsorption sites, their saturation capacities and equilibrium
tained for phenol and caffeind4bles 3 and pare quite sensi-  constants). The acquisition of this knowledge usually requires
tive to this difference in the structure of the hydrophobic bondedpat isotherm data be measured at concentrations high enough
layer. The isotherms are still bi-Langmuir but the two saturationg achieve the population of at least half the low-energy sites.
capacitiesys 1 andys, 2, are much lower on the polymeric phase, ajthough half is still an empirical estimate, it is confirmed by
in part because of the lower specific surface area of the bare sik,, experimental observations. For example, in the case of the
ica (70 n?/g versus an average of 28y for the monomeric adsorption of phenol on Kroma$85], convergence of the EM
phases). Note, however, that the four-fold reduction in specifighethod in the calculation of the AED failed when FA data had
surface area does not correlate well with the two-fold reducygen acquired with a maximum concentration of 50 g/L in the
tion in the saturation capacities. Polymeric phases offer a highef|ytion, leading to a surface coverages of 0.46 and 0.42 for the
density of interaction sites than monomeric phases (almost twgyq highest data points. When additional measurements were
times more) but their degree of heterogeneity is similar. Sites of,ade with concentrations up to 100 g/L, corresponding to sur-
type 2 account also for about 30 and 6% of the total saturatiofyce coverages of 0.57 and 0.51 for the two highest data points,
capacity for phenol and caffeine, respectively. convergence of the AEDs was easily achieved, using the same

number of energy grid points and the same number of iterations.
6.3. Monomeric endcapped packed Cyg-bonded columns By contrast, the simple injection of low concentration samples
can only shed some light on the overall retention of the analyte,

Tables 3 and 4gjive the best numerical values of the isothermgiving merely> " gs ;b;. This number does not inform at all on
parameters found for phenol and caffeine on Kromasil, Symmethe possible number of distinct types of adsorption sites on the
try, Luna, Hypurity and Discovery (all {g-bonded, endcapped surface,i, nor on the differences between their properties. As

Caffeine

q; [mollL]

0.004
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a conseguence, conclusions based on the mere consideration®fonvex upward (propranolpt5,128—131]nortryptiline[70],
retention factors, however big the data base used, are not meamytryptiline[71], naphthalene sulfonaf#&30]).

ingful. In addition to those sites on which the interaction of the sur-
face with the analyte is based on dispersive interactions, higher
6.4. “Supersites” of adsorption in RPLC energy sites can be encountered depending on the nature of the

stationary phase, the mobile phase and the solute. These sites

The adsorption behavior of the small analytes commonly usetlave a much lower density than the two sites aforementionned.
to study retention mechanisms is definetely not taken into acFheir adsorption energies are much higher (up to 20 kJ/mol) and
count by a simple adsorption isotherm model assuming ideal adtis not clear whether the corresponding solute-surface interac-
sorption on a homogeneous surface. That there are at least tiions are still based on dispersive interactions or are strong elec-
different types of adsorption sites on RPLC surfaces is demortrostatic interactionslable 8lists the different chromatographic
strated by FA measuremenfBable 7lists the differences be- systems that lead to at least three different types of adsorption
tween the adsorption energies of the sites of types 2 and 1. Exceptes. Note that for a RPg stationary phase, the difference
for Discovery-Gg (AE ~ 8 kJ/mol for caffeine), these energy in adsorption energy between sites 2 and 1 is larger than with
differences are strikingly close, whatever the brand of adsorberitis-bonded phases (about 9 kJ/mol versus 5 kJ/mol). Typically,
considered, around 5-6 kJ/mol. Undoubtedly, these two types dfie adsorption energy is between 15 and 20 kJ/mol higher on
sites are directly related to theg&bonded layer heterogeneity sites of types 3 and 4 than on the lowest energy sites of type 1.
because of the very large number of these sites. For instancéhese “supersites” may exist on conventional RPLC columns.
Table 7reports the surface concentration of the adsorbed anas shown inTable 9 the concentration of sites of types 3 and
lyte when the sites of type 2 are saturated. Using the small con# may vary between 5 and 700 nmol/L, and between 0.4 and
pound phenol, the surface concentration varies between 1 add nmol/L, respectively. Some supersites of type 3 have a den-
2 umol/m?. With caffeine, this concentration drops to betweensity close to that of type 2 adsorption sites. The solute-surface
0.05 and 0.2@mol/m? because of the size exclusion of caffeine. interactions on these sites involve dispersive interactions, the so-
Such a high surface concentration of phenol shows that type [ite being probably entirely embedded in thgg®onded layer.
sites cannot be residual silanols. There cannot be that many Iefdl “supersites” of type 4 could reasonably be explained by the
after endcapping. A mixed retention mechanism occurs then beon-endcapped residual silanols that are embedded inside the
tween the solute and the bonded layer, whether with phenol, cabonded layer, based on their relative abundance and their ad-
feine or any other small polar solutes, whose adsorption isothergorption energy. These sites deserve a particular attention when

Table 7

Adsorption energy difference between the sites of types 1 and 2 and surface density of adsorbed analytes when the sites 2 are saturated

Column (bonding process) MeOHB Compound Ey — E1 (kd/mol) Surface concentration References

sites 2 (umol/m?)

Hypersil Gig (monomeric) 30/70 Phenol 5.8 1.80 [69]
Caffeine 5.4 0.13

Kromasil Gig (monomeric) 30/70 Phenol 5.3 1.00 [69]
Caffeine 55 0.07

Phenomenex {3 (monomeric) 30/70 Phenol 5.6 1.04 [69]
Caffeine 55 0.07

Symmetry Gg (monomeric) 30/70 Phenol 5.9 0.83 [69]
Caffeine 5.6 0.05

Chromolith Gg 30/70 Phenol 5.5 1.10 [69]
Caffeine 5.9 0.07

Vydac Gg (polymeric) 30/70 Phenol 4.6 2.09 [69]
Caffeine 7.3 0.14

Xterra Gg (monomeric) 25/75 Phenol 7.6 1.85 [69]
Caffeine 5.7 0.23

Discovery Gg (monomeric) 30/70 Phenol 9.2 2.07 [113]
Caffeine 8.0 0.05

Resolve Gg (monomeric) 25 (MeOH)/75 Phenol 6.5 1.72 [45]
Caffeine 5.4 0.35

Gemini Gg (monomeric) 30/70 Phenol 4.9 1.09 [138]
Caffeine 5.4 0.08

Sunfire Gg (monomeric) 30/70 Phenol 5.0 0.73 [138]

Caffeine 5.5 0.06
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Table 8
Adsorption energy difference between the sites of type 2, the “supersites” of types 3 and 4, and the lowest adsorption energy sites 1
Column (bonding process) organic/d Compound E; — E1 (kJ/mol) E3 — E1 (kd/mol) E4 — E1 (kdJ/mol) References
Chromolith Gg 15 (MeOH)/85 Phenol 6 9.2 - [78]
Caffeine 43 7.5 13.5
Symmetry Gg (monomeric) 20 (MeOH)/80 Phenol rs) 112 - [105]
Resolve Gg (monomeric) 25 (MeOH)/75 Caffeine 5 105 20.0 [45]
Discovery Gg (monomeric) 30 (MeOH)/70 Phenol .2 128 - [113]
Prontosil Go (polymeric) 30 (MeOH)/70 Phenol .a 156 - [137]
Caffeine 74 138 20.5
Propranolol b 159 21.3
Naphthalene sulfonate re} 151 -
Discovery Gg (monomeric) 28 (ACN)/72 Nortryptiline 141 183 [68,69]

phosphate buffer 20 mM, pH?2
Amytryptiline 120 166

the elution of positively charged analytes is attempted in the aband materials in a highly competitive market. However, they
sence of buffer or of supporting salts that could otherwise b&eep using commonly accepted tests to assess and prove the
used to neutralize them. quality of their new products. Some of these tests remain highly
RPLC adsorbents present on their surface low energy, digelevant, for instances, those testing for the long-term stabil-
persive sites and our measurements show that these sites ardtgfof analytical retention in adverse conditions of temperature,
two types. Their density depends on the size of the molecules gfressure, pH, solvents or for the presence of heavy metals. The
the analyte studied but remains of the order of a fewol/m?  selectivity tests dealing with the hydrophobic and the steric se-
for the sites of type 1 and between 0.1 angdriol/n? for the  lectivity, and with the retention of basic compounds certainly
sites of type 2. Higher energy sites or supersites are also d&eep their usefulness. Many such tests are availfg89¢90]
tected and their density varies between 0.5 and 50 nmolim  that allow manufacturers to guarantee, with a certain degree of
is very likely that they are related to accessible silanol groupgonfidence, that a good level of performance will be achieved.
that remain after the {g derivatization process. The adsorp- Things become more difficult when they want to prove that their
tion energy on those supersites is systematically of the order afolumns do exhibit a very low degree of tailing, particularly for
20 kJ/mol higher than on type 1 sites. This energy is compatibléhe elution of basic compounds. Most often, interactions with
with dipole—dipole interactions, hydrogen-bond interaction, andesidual silanols, their high energy and the assumed correlative

ionic exchange interactions. slow kinetics of desorption from the surface remain as they were
40 years ago, the weeping boys, the reasons given by conven-

6.5. Could the heterogeneity of RPLC adsorbents be tional wisdom for the peak tailing of analytes. The essential

controlled? heterogeneity of the {fg-bonded layer has remained ignored in

spite of numerous experimental studies pointing the other way.
Manufacturers of columns and packing materials have madéhe failure of silanol eradication to deliver phases on which ba-
considerable progress since the inception of RPLC and are preic compounds would not tail is illustrated by the properties of
ducing stationary phases that are far more reproducible now thxterra on which the density of silanols is extremely low. Yet our
20 years ago. They keep investing and developing new columnesults demonstrate that this stationary phase is nearly as hetero-

Table 9
Surface densities of adsorbed analytes at the saturation of the “supersites” observed in RPLC
Column (bonding process) organic/dl Compound Surface concentration Surface concentration References
supersites 3 supersites 4 (nmol/f)
(nmol/n?)
Chromolith Gg 15 (MeOH)/85 Phenol 350 (dispersive) - [78]
Caffeine 230 (dispersive) 6(supersite)
Symmetry Gg (monomeric) 20 (MeOH)/80 Phenol 690 (dispersive) - [105]
Discovery Gg (monomeric) 30 (MeOH)/70 Phenol 100 (dispersive) - [113]
Resolve Gg (monomeric) 25 (MeOH)/75 Caffeine 40 (supersite) 0.8(supersite) [45]
Prontosil Go (polymeric) 30 (MeOH)/70 Phenol 5 (supersite) - [137]
Caffeine 7 (supersite) 0.43(supersite)
Propranolol 20 (supersite) 2(supersite)
Naphthalene sulfonate 17 (supersite) -
Discovery Gg (monomeric) 28 (ACN)/72 Nortryptiline 4 (supersite) - [70,71]

phosphate buffer 20 mM, pH?2
Amytryptiline 11 (supersite) -
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geneous than silica-based RPLC materials. If high-energy siteend different challenges to improve the methods of preparation
were entirely eradicated, the saturation capacity of the packingf hydrophobic surfaces. Different compromises will have to
material would be a few hundred times higher, a blessing fobe found between the degree of surface heterogeneity of new
analysts looking for trace compounds. materials and their various chromatographic properties (e.g., re-
The in situ observation of the local heterogeneity of the suriention, selectivity, efficiency, peak asymmetry at low concen-
face, at the scale of theygchains could conceivably be made tration). A completely homogeneous support may not be the
using modern mapping techniques (e.g., amplified force michromatographic material performing best under all conditions.
croscopy or AFM). This approach is made difficult by the rough-Yet, detailed investigations of the separation of amytriptylline
ness of the silica surface, down to the silicate ion level. Resultand nortriptyline illustrates how much the heterogeneity of the
obtained on silica plates are notoriously difficult to generalize tdoonded layer of alkyl chains impair the performance of analyti-
porous silica adsorbents. Solid-state NMR measurements weoal and preparative chromatography aljke].
developed to study the heterogeneity of organic polymers and
the relative mobility of their chains in the bul81]. This method 7. Experimental conditions and adsorption isotherms of
has shed useful light on the chain conformation in the hydrophoneutral compounds
bic bonded layer and on the structural organization of these
chains[92]. Albert et al. has shown that, typically, the alkyl  Analytical chemists are always looking for better optimiza-
chains assemble in domains in which they have one of two maition of the experimental conditions of their separations. In anal-
arrangements, one of high relative mobility (mainly made ofysis, optimization is the search of an optimum compromise be-
chains in the gauche conformation), and one of low relative motween a complete resolution of the compounds of interest and a
bility (mainly made of alkyl chains in the trans conformation) short analysis time. One approach to do that consists in acquiring
[93-95] Fluorescence spectroscopy provides another sensitiibe smallest possible amount of experimental data that span the
approach to assess the effect of the bonded phase structure wseful part of the available range of the experimental parameters
the partitioning and the mobility of analytg85]. It was shown involved. Then, using a dedicated chromatographic software,
that the higher the water content in acetonitrile:water mixturesthe experimental parameters are optimized to satisfy the objec-
the longer the fluorescence lifetime of 1,6-diphenylhexatriengive function selected. A profoundly different approach consists
(DPH) embedded within variousygzbonded stationary phases in understanding the fundamental effects of the variations of
and the lower its mobility. This work provides little direct infor- each experimental parameter on the equilibrium isotherm. This
mation on the nature of the adsorption sites in RPLC packingnethod provides the analyst with the possibility to predict ac-
materials. Yet, by pointing out the coexistence in the bondedurately the changes caused to a separation by an adjustment of
layer of random, fluid domains and of quasi-crystallized, rigidthe experimental parameters. The advantage of the latter method
domains, this work justifies our suggestion made earlier of th@ver the former one is that it does not blindly ignore the funda-
high-energy sites being cavities inside the bonded layer in whicmentals of adsorption. Temperature, average column pressure,
all van der Waals interactions would be more intense than at theaobile phase composition, and the nature of the organic modi-
interface with the solution. fier used in RPLC are usual experimental parameters that chro-
The results of systematic investigations using spectroscopimatographers routinely modify. The impact of these changes on
or chromatographic methods seem to agree on the high degreetbe retention and separation of analytes in RPLC can be inves-
heterogeneity of the hydrocarbon bonded layer. The more rigitigated easily.
and the more mobile domains revealed by NMR measurements We discuss in this section the influence on adsorption data
could correspond to the adsorption sites of type 1 and the partmeasured by FA of changes in the experimental parameters. The
tion sites of type 2 (and possibly those of types 3 and 4 when thesgudy of these changes provides useful conclusions regarding the
ones exist) that are observed on the commercigtfonded  relationship between adsorption isotherms and retention mech-
phases through the measurements of FA adsorption data, thaisms.
modeling of these data, and the calculation of the AED. A com-
bination of cross-polarization magic-angle-spinning (CP/MAS)7.1. Effect of pressure
NMR, of two dimensional solid-state NMR spectroscopy (wide
line separation, WISE) with FA measurements and the calcula- The pressure or the average column pressure is a parameter
tion of AEDs should provide manufacturers with the tools thatthat chromatographers usually do not care much about. They ig-
they need to characterize their old and new packing materialsiore that pressure has an effect on the equilibrium between the
These technigues could be most useful at following and quantimobile and the stationary phases. Furthermore, until recently,
fying accurately the improvements made in the degree of surfad@ey could not control it because detector cells could not with-
heterogeneity of these materials, depending on the changes magtand any significant pressure. Now, many do. However, the av-
in their preparation process. erage column pressure depends on the flow rate applied, on the
Peak tailing is not necessarily the result of the presence demperature (through the viscosity of the mobile phase), and
residual silanols on the surface and of nothing else. It is nobn the permeability of the column. Hence, pressure is often not
necessarily a kinetic effect; it can have and, most probably, it ofeonsidered as an experimental parameter. Actually, however, a
ten has a thermodynamic origin. It does not concern only basicorrect isotherm determination requires that the average column
compounds. In consequence, manufacturers have to face nemressure be knowf®6]. Because the effects of pressure are lin-
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ear, the isotherm measured for a given average column pressufe. Effect of temperature

is identical to the isotherm measured at a constant pressure equal

to that average pressure. The effect of temperature on the distribution of analytes at
Classical thermodynami¢87,98]provide a simple relation- infinite dilution between the stationary and the liquid phases is

ship between the retention factbrand the local pressure, at well known. The Van't Hoff equation relates the retention factor

constant temperature of the system: and the temperature:
! !’ AH AS
dInk __AV dlng 26) Mk =-——+—+Ig (27)
oP RT P ), RT R

Obviously, the Van't Hoff equation assumes that there is a single
whereAYV is the difference between the partial molar volumesadsorption mechanism (hence that the surface is homogeneous).
of the solute in the two phasesthe column phase ratio, afd  The plot of Ink” versus } T is linear only if the associated ther-
is the temperature. modynamic parametera H and A S, are invariant with tem-

In most cases in RPLCAV is negative, the partial molar perature changes. However, these assumptions are not likely to
volumes of the solute in the stationary phase is smaller thabe fulfilled in RPLC. First, it was shown that these stationary
in the mobile phase, and the retention factor increases with inphases are heterogeneous (see Segjiddecondly, it is known
creasing pressure. The fact thaV is negative means that the that the structure of the alkyl bonded chains changes somewhat
conformation of analytes is more compact in the hydrophobiavith temperature. Despite this, a majority of the plots of In
environment of the bonded layer than in the mobile phase. It isersus ¥ T found in the literature are linear or nearly so. This
important to underline that in E€R6), it is the absolute, notthe may be because the temperature ranges investigated are not wide
relative, molar volume change associated with the equilibriunenough, given the relatively small difference between the values
that figures in the relationship. The higher the molecular masef A H corresponding to the sites of types 1 and 2.
of the analyte, the larger its molar volume, hence, the larger Although a considerable amount of data is available in lin-
AV (in broad general terms; minor deviations are possible). Foear chromatography, few data have been published in nonlinear
instance AV is of the order of—~10, —50 and—100mL/mole = chromatography, so we do not have much information to as-
with low-molecular-mass molecules such as phenol derivativesess the temperature influence on the saturation capacities and
[99] or thiourea used as a dead column trg48f, with medium  the equilibrium constant of adsorption isotherms. A preliminary
molecular-mass peptides such as bradykinin and kalli], study has recently investigated the temperature influence on the
and with macrobiomolecules such as ins{lii1-103] respec-  adsorption isotherm of phenol on Kromasiig§104]. Useful
tively. qualitative information was derived but more data need to be

Liu et al. [103] measured the influence of the average col-acquired to allow the drawing of general conclusions. As shown
umn pressure on the isotherm of insulin on g&tlfonded silica  earlier in this review, the adsorption isotherms of phenol on Kro-
stationary phase. These authors found that the isotherms fit wetiasil are best described by a bi-Langmuir isotherm (with four
to a Langmuir model, suggesting that molecules of the size gbarameterss 1, b1, gs,2, andby). The FA isotherm data lead to
insulin (Mw ~ 6000 Dalton) do not see the adsorbent surfacea saturation capacitys 1 (low-energy sites) that decreases by
as heterogeneous. Interestingly for preparative chromatographg,factor 2 when the temperature increases from 298 to 358 K.
the saturation capacity of the column increases significantly withn contrast, the equilibrium constaht was little affected by
increasing average column pressure (by ca. 20% for an increasieis 50°C change. Conversely, the saturation capacity of the
of 200 bar. This could provide a useful (but costly) increase irhigh-energy type of adsorption sitegs 2, remains practically
the production rate. constant in this temperature range while the equilibrium con-

Most importantly, these few examples demonstrate the nestant,b,, drops by a factor 4. This suggests that the structure of
cessity of measuring the adsorption isotherms at a controllethe first type of sites, the top of the;gbonded chains, is not
average column pressure, at least for large molecules. Very littleffected by temperaturé; remains constant probably because
research work has been carried out so far, however, to assess tifea compensation between the classical temperature effect (see
effect of ultra-high pressures (up to a few kilobar) on retentiorEg. (8)) and the increase in contact area between the increas-
mechanismsin RPLC. Increasing the pressure from 0 to 200 bainsgly disordered chains and the analyte. The number of high
typically increases the retention factors and the column saturanergy sites is poorly affected, #p experiences the expected
tion capacity by 100 and 20%, respectively, for biomoleculesdecrease with increasing temperature because the surface area
Since the effects of pressure tend to be linear in the range upf contact between the analyte and the hydrophobic layer cannot
to a few kilobar, it should be no surprise if retention factors,increase. An adsorption energy of about 15 kJ/mol was derived
volumes, and times, resolution and even retention patterns @h the sites of type 2.
biomolecules are widely affected by a change in mobile phase Another study quantified the effect of temperature on the
flow rate. While those who keep ignoring pressure effects omquilibrium constant of the analyte on the highest energy sites of
retention mechanisms will keep getting confusing results andymmetry-Gg in a methanol:water solution (25/75, viM)05].
unexpected difficulties in method development, those knowlFig. 21A shows the evolution of the overloaded band profiles
edgeable in physical chemistry will have great opportunitiesof phenol on Symmetry with increasing temperature. The best
Much work remains to be done in this area. values of the equilibrium constants were derived for each tem-
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7.3. Effect of the mobile phase composition

There are few examples demonstrating the effect of changes
in the mobile phase composition on the values of the parameters
of the adsorption isotherifd06,107,85] Quantitative informa-
tion has been derived from the adsorption behavior of phenol on
Kromasil from aqueous solutions of methanol having from O to
60% methanol, v/{85,86] The variations of the best parameters
of the bi-Langmuir model are shown Fig. 22 As suggested
by the linear solvation strength model (LSSM), the equilibrium
constant$1 andb, decrease with increasing methanol concen-

, : , tration and their logarithms are linear functions of the molar
8 9 10 fraction ¢ of methanol in the mobile phase. The evolution of
) Time [min] the density of adsorption sites available for phenol is informa-
] tive. The quantity of low energy sites in the column remains
1.504 nearly constant while that of the high energy sites decreases sig-
nificantly with increasing methanol concentration. Because the
Cis-bonded chains are more easily solvated at high methanol
concentrations than in a water-rich mobile phase, the bonded
layer swells and gets more disorganized in contact with a water-
rich mobile phase. The gauche conformation of the €hains
becomes more predominant and additional hydrophobic cavi-
ties are formed in the hydrophobic layer. Conversely, when the
methanol concentration in the mobile phase exceeds 70%, a ma-
jority of the alkyl chains are in the all-trans conformation, the
high-energy sites tend to disappear, and Kromagilt&haves
1-753_20 ™ R e —— as an adsorbent with a nearly homogeneous surface. This phe-
@® 1000 x 1/T [K™'] nomenon seems rather general; for instances, Dorse)|£08].

and Carr et al[109] argued that the use of 3%propranol as
Fig. 21. (A) Overloaded band profiles of phenol recorded on the Symmaty-Cc @ constant component of the mobile phase virtually eliminates
column for seven different temperatures. Methanol:water, 20/80 (v/v). (B) Evofeequilibration following gradient elution. One possible inter-
lution of the best estimated equilibrium constant of the highest energysjte (  pretation of this observation is that most of the high-energy sites
vs. the reciprocal temperature from low (triangles) and high (squares) Ioadipare blocked by this solvent.

bands. Same_ experiment_al condi?ions asin (A). Note_ the Iinearity of the plot in In order to confirm these observations regarding the evolution
agreement with the classical Van't Hoff law. The derived adsorption engrgy . . ..
is 11.5kJ/mol, a typical enerfy for hydrophobic interactions. Reproduced withOf the isotherm parameters when the mobile phase composition
permission from105] (Figs. 3A and 4. changes, gradient elution chromatography was performed on the
same column and with the same ana[§#. The resulting over-
loaded band profiles were compared to those calculated from the
perature, using the inverse method of isotherm determinatioreD model, with the isotherm model obtained. Consistent with
The plot of the logarithm of the adsorption constant on the highthe experimental results presented above, it was assumed that the
est energy sites (type 3)z, versus the reciprocal of the tem- saturation capacitys 1 remained constant, that » decreased
perature is linear and follows E¢8) (Fig. 21B). This result linearly with increasing methanol fraction in the mobile phase,
permits the determination of the absolute adsorption enesgy, ¢, and that the equilibrium constanks and b, followed the
onthese sites. Itis 11.5 kJ/mol larger thkaron Symmetry. This LSSM behavior. The general adsorption isotherm is written as
energy is still well in the range of hydrophobic interactions andfollows
is markedly too small to correspond either to the formation of
hydrogen-bonding or to dipole—dipole interactions (for whichg*(C, ¢) = ¢1.0

ClglL]

-1.554

-1.604

Lnb,

-1.654

-1.70

b1,0 €Xp(=Sp,0)C

AH ~ 20-25kJ/mol). As suggested in Sect®an the hetero- 1+ b10exp(=Sp,¢)C
geneity of modern RPLC columns, the high-energy sites cannot b0 exp(—Sy,¢)C
be correlated to any interactions taking place between residual +(q20 = Sg20)7 T b2 0 eXpSp,¢)C (28)

silanols and the analyte. As expected, the density of the high-

energy adsorption sites is not much affected by temperature. Where the subcripts 1 and 2 refer to the low- and the high-energy
decreases only slightly, at a rate-6.26 g of phenol per liter of ~ sites, respectivelyy o is a constangy g andsSy, are the intercept
Symmetry adsorbent pe€. Typically, an error in the tempera- and the slope of the plot of Ia{) versus the methanol fraction,
ture of the order of 1C affects the equilibrium constant and the ¢, respectivelyg, o ands,, are the intercept and the slope of the
saturation capacity of a low-molecular mass compound on thplot of gs » versusp, respectively, andy o andsS;, are the inter-
high-energy sites by about 1.5%05]. ceptand the slope of the plot of i) versusp, respectively. The
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Fig. 23. Validation of the general adsorption isotherm with the mobile phase
composition by comparing experimental and simulated band profiles acquired
under gradient elution conditions. Injection of a 40 g/L solution of phenol dis-
solved in pure water during 2 min. Flow rate, 1 mL/min; gradient times, 40 min;
gradient step, 0-50% methanol. Reproduced with permission[8@h{Fig. 8).

Lnb
P

high water content. This effect was observed on Symmetry. The
AED of phenol is bimodal and its isotherm follows bi-Langmuir
isotherm behavior with 30% methanf@9] but the AED be-
comes trimodal and the isotherm a tri-Langmuir one with 20%
methano[105].

o0 02 04 06
B) Methanol volume fraction 7.4. Effect of the nature of the organic modifier
Fig. 22. Evolution of the best isotherm parameters of phenol, (A) saturation . . . -
capacities, (B) equilibrium constants, on the Kromasig-@dsorbent vs. the Organic modifiers are used to adjust the solubility of the sam-
methanol content in the mobile phase. The parameters were derived from FRIE cOmponents in the mobile phase. They are classified accord-
measurement, except for the mobile phase with pure water (FACP). Note thattting to their strength. When the elution time of an analyte is
equilibr_ium constar_]ts follow well the I__SSM_ model and the saturation capacityygq Iong, it can be reduced either by increasing the concentra-
of_the hlgh_en_ergysnesdecreases rapidly with the methanol content. ReprOdUCﬁ%n of the organic modifier or by replacing it with a stronger
with permission fron{87] (Fig. 1). . . . S .
one. For instance, isopropanol is stronger than ethanol, which is
stronger than methanol. Acetonitrile is known to be a stronger
best values of the numerical parameters of this general isothergluent than methanol. It is often used to elute large molecular-
are given in ref[87]. size compounds such as biomolecules. Still, results on the rel-
Fig. 23shows the excellent agreement observed between thaive strength of organic modifiers are based on data collected
calculated and experimental band profiles. This agreement compon the injection of infinitesimal amounts of probe analytes
firms the validity of the adsorption isotherm model and support&nd are related to linear chromatography. These data inform
the mechanism of phenol adsorption ofg®onded phases that on the apparent equilibrium constant between the two phases
is proposed. of the chromatographic system. They are silent regarding the
The concentration of the organic modifier affects the desaturation capacities. There is practically no data available in
gree of heterogeneity of reversed-phase stationary phases. Thiie literature which compares the isotherms of a compound on
demonstrates that the organic modifier affects the structure dhe same gg-bonded stationary phase with methanol:water and
the bonded alkyl layer and that the changes in the structure @fcetonitrile:water mobile phases.
this layer affect the properties, and particularly the density, of Acetonitrile and methanol have quite different physico-
the high-energy adsorption sites. When the mobile phase hafiemical properties. The structures of their aqueous solutions
a high water concentration, the retention factors of analytes indiffer markedly. Among other differences, methanol and water
crease because their solubility decreases and because the densitlecules associate readily through hydrogen-bonding interac-
of high-energy sites increases. Furthermore, this increase is attens[110]while acetonitrile molecules form clusters with other
companies by an aggravation of the degree of tailing of the bandscetonitrile molecules and interact little with water molecules.
that are overloaded for lower and lower sample amo[88k  The adsorption behavior of acetonitrile and methanol on RPLC
The apparition of new, higher energy adsorption sites is somemnaterials is also fundamentally different. The measurement of
times the consequence of the use of a mobile phase havingtlae excess isotherms of methanol and acetonitrilejgr©nded
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phases has shown that the former forms an adsorbed monolayr Experimental conditions and adsorption isotherms of

while the second forms a multilayer adsorbed system contairienizable compounds

ing usually 3 to 5 monolayers. Accordingly, the pure acetonitrile

multilayer at the surface of RPLC adsorbents is considered by The analysis of ionizable compounds is of great importance
certain authors as a “third phase,” in equilibrium with the bulkin the biochemical, biomedical, pharmaceutical, and environ-
mobile phase (acetonitrile:water) and thgg®onded layer. Ac- mental fields. RPLC is the method most frequently applied to

cording to these authors, the solutes would take part into twpurify and analyze this class of compounds. It requires the se-
equilibria, one between the bulk mobile phase and the adsorbéection of an organic modifier and of either supporting salts or

layer of pure acetonitrile, the other between this acetonitrile layebuffers, in order to fix the pH and the ionic strength of the mobile

and the @g chains. Based on this description of the equilibriumphase. While we understand now rather well the thermodynam-
system, the retention factors of neutral compoJyaidd] and of  ics of phase equilibria involved in the separation and purifica-

ions[112] were predicted and the predicted values match weltion of neutral compounds in RPLC, the same is not true yet for

with the experimental data.

A recent study demonstrated that the adsorption behavior afu
neutral compounds on the same RPLC columns differs funda-
mentally whether methanol or acetonitrile are used as the organi.c
modifier [113]. While the curvatures of the isotherms of phe-
nol and caffeine are always convex upward or langmuirian with
methanol, the shape of these isotherms changes at high solute
concentrations when the organic modifier is acetonitrile. The
best adsorption models were a bi- and a tri-Langmuir isotherm
for phenol and caffeine with methanol (isotherm of group 1), and
the sum of a Langmuir and a BET isotherm models (isotherm of
growp | + isotherm of group Il) with acetonitrile (Sdédg. 24).

It is striking to observe that the amount of solute adsorbed
from a solution of given concentration is lower at low concen-
trations with an acetonitrile-based than with a methanol-based
mobile phase (consistent with the solute being eluted earlier
with acetonitrile) and higher at high concentrations. In other
words, the adsorption isotherms from methanol and from ace-
tonitrile solutions cross each other. Accordingly, it makes no
sense to say that acetonitrile is a stronger eluent than methanol.
What is true at low solute concentrations is false at high con-
centrations. We suggest that, at low concentrations of the so-
lute, its retention depends essentially on its distribution be-
tween the adsorption sites that are located within thelionded
layer (and constitute the highest energy sites) and the other two
phases, the aqueous methanol bulk phase and the adsorbed lay
ers of acetonitrile or "third phase". In this range, the isotherm
is convex upward. At high concentrations, when the adsorp-
tion sites are saturated, the solute accumulates in the adsorbe
multilayer of acetonitrile where its concentration increases
faster than in the mobile phase. The isotherm becomes convex
downward.

The nature of the organic modifier affects considerably the
composition of the interface layer and has profound conse-

d

ionizable compounds. Two different types of mechanisms are

rrently proposed in the literature.

(2) A first mechanism is based on an electrostatic description
of the equilibrium system. The formation of a double layer
at the solid-liquid interfacgl14] and repulsive interactions
between the charged surface (zeta potential) and the analyte
[115—-117]are proposed to account for the adsorption of ions.
Inthese electrostatic models, the ionic strength of the solution
is a critical parameter, not the nature of the supporting salts
or of the buffer.

(2) A second type of mechanism takes into account the pos-
sibility for ions to be involved in an association equilibrium
with any counter-ion present in the solutifiri8-121] lon-
pairing may take place in the mobile phase and the adsorption
behavior of one particular ion will depend on the adsorp-
tion equilibrium of all the forms in which it may be involved
(either free or as ion-pair complexes) on the solid surface.
Because the molecular exchange between the free solvated
ion and the complexes in which the ion may be involved is
extremely fast compared to the characteristic time of mass
transfers in chromatography, only one peak or overloaded
band is observed. The problem can then be treated as for
neutral compounds, provided one keeps in mind that the sat-
uration capacities and the binding constants derived from FA
data are actually values averaged over the contributions of
all the species (free and complexed ions) in which the com-
pound studied is involved. Under these assumptions, the ionic
strength and the nature of the buffer or salt molecules are crit-
ical factors in the adsorption mechanism of ionizable com-
pounds. The special case of the adsorption of ionizable com-
pounds in the absence of buffer or supporting salt will also be
discussed.

quences on the adsorption mechanism of analytes. Because the
organic modifier may accumulate on theggbonded phase, the 8.1. Absence of buffer and supporting salts

interface between the bonded chains and the bulk mobile phase
has a composition and a dimension that may differ markedly

It is uncommon to elute ionizable compounds with a mobile

from one modifier to the next. This interface controls the amounphase containing neither a salt nor a buffer. Although this is
of compound that can be adsorbed and may change consideralgignerally not a recommended procedure, it can be done and
the saturation capacity of a column. More data are required, pait provides useful clues in the study of retention mechanisms.
ticularly data acquired with other organic modifiers (e.g., iso-Adsorption isotherms of ionizable compounds can be measured
propanol, tetrahydrofuran) to draw more general conclusions neat mobile phases as long as the properties of the mobile and
regarding the effect of the organic modifier on the adsorptiorthe stationary phases are not drastically affected by changes in
mechanisms in RP-HPLC. the concentration of the studied compound.
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Fig. 24. Adsorption isotherms of phenol on Kromasils@sing a methanol:water (A; 40/60, v/v) and an acetonitrile:water (B; 30/70, v/v) as the mobile phase.
Adsorption isotherms of caffeine on DiscoverygQising a methanol:water (C; 30/70, v/v) and an acetonitrile:water (D; 20/80, T/%) 295 K. Note that the
curvature of the isotherm is reversed at high concentrations when acetonitrile is used as the organic modifier. Reproduced with pernjisE&)(Figsn 1A, 3A,

11A, and 12 for Fig. 24A-D, respectively) ©2005, American Chemical Society.

For instance, propranololium chloride (propranolol is an This result contradicts other findings showing that the satu-
amino alcohol used as g-blocker) can be dissolved in an ration capacities of ionizable compounds are at least one order
agueous methanol solution, at concentrations up to 40 g/L. Itsf magnitude lower than those of neutral compoudgl]. The
adsorption isotherm was measured by FA on Kromagi-C contradiction stems from two different reasons. First, like most
[122]. The isotherm obtained is S-shaped (convex downwar@hromatographers, McCalley draw his conclusions regarding the
at low concentrations, upward at high concentrations). In coneolumn saturation capacity from plots of the apparent efficiency
trast, the isotherm of propranolol is strictly convex upward onof overloaded band profiles or of breakthrough curves versus
the same stationary phase but with a mobile phase contaircreasing concentrations of the solute. Second, the influence of
ing a buffer, as reported in the literatufg23]. An isotherm the surface heterogeneity of the adsorbent in the column, of the
model of our group | (see E@23)), the bi-Moreau isotherm, existence of few high-energy adsorption sites on this surface,
was found best to account for the adsorption data and to prend the contributions of this heterogeneity to the band profiles
dict overloaded band profiles in close agreement with the exis ignored.
perimental ones. In other words, a monolayer of propranolol This has led to contradictory results regarding the determina-
is formed on the surface, with an adsorbate—adsorbate interation of the column saturation capacity of an ionizable compond
tion energy between two and three timRE. These interac- on RPLC columng70]. When slightly overloaded band pro-
tions vanish when a 0.2 M acetate buffer is added to the mobiléles are recorded, as it was done by McCdl&24], only the
phase and the best isotherm becomes the classical bi-Langmuiigh energy sites are filled while the low energy sites (type 1)
model. Surprisingly, the saturation capacity of Kromasiy{S  remain almost empty. The estimate of the saturation capacity
nearly the same whether the mobile phase contains a buffer oneasured under these conditions is simply a fair estimate of the
not. saturation capacity of the high-energy sites. Using this method,
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McCalley found that the saturation capacity of nortrypytiline onby adjusting the pH of the solution. Neue et [@I26] showed
Discovery-Gg is of the order of one mg/g of adsorbent. Using that suitable manipulations of the pH can enhance the column
the FA method, we determined that the overall saturation capadeadability by a factor up to 20. The difference was attributed
ity of the same column, for the same chromatographic system i® the difference in the ionization states of the analyte. These
of the order of 100 mg/g, hence one hundred times larger. Suciuthors observed that the departure of the isotherm from linear
a large factor needed definitely some clarification. The resultbehavior was more important and began at lower concentrations
derived from the FA method confirmed that the adsorption offor the ionic than for the neutral species. Based on this result,
nortryptyline could only be modeled by a tri-langmuir adsorp-they concluded that the ionic form has a much lower saturation
tion isotherm model. The saturation capacity measured by theapacity than the neutral one. However, they did not take into
former method corresponds to the sum of the saturation capaaccount the surface heterogeneity and the presence of different
ties of the second and third types of sites. The overall saturatiotypes of sites, particularly of high-energy sites with a very low
capacity measured by the latter method is the sum of the capasaturation capacity. These sites are responsible for the nonlinear
ities of the three types of sites. behavior of the isotherm at very low concentrations. The much
As a consequence, the data obtained are actually a fair estower saturation capacity of high-energy sites for ionic species
mate of the saturation capacity of the high-energy sites. Admitis consistent with the total capacity of the column being about
tedly, this is the important characteristic for analytical applica-constant. Unfortunately, for chromatography, the low saturation
tions. However, linear chromatography provided no informationcapacity of the sites of highest energy sets the maximum sample
regarding the total saturation capacity of the adsorbent (i.e., th&ze that can be used.
sum of the saturation capacities of the high- and low-energy The solubility of an ionic species being higher in aqueous
sites) since the low-energy sites are not populated during theobile phases than that of the corresponding neutral species, it
series of measurements performed and the estimate obtainedess strongly retained and the pH can be used to control the re-
for the total column saturation capacity is incorrect. The factention of compounds with an acidic and a basic form. To obtain
that neutral and ionizable compounds lead to comparable values

of the total column saturation capacity is due to the adsorp- C. -Symmetry
18

tion of ions as neutral ion-pair. In the case of propranololium, 28+ —0— Phthalate/phthalate® pH=4.75
it was demonstrated that this cation does adsorb with his co- —=—Phihalic/phthalate’ pH=2.75
ion chloride[125]. The higher the concentration of chloride in 'g _o_gifjgiizgef:zigzg
the solution, the higher the retention of propranolol because 3 214 —v— Neutral salt KCI
the proportion of free, solvated and poorly retained free ionic ¢ 2 —o—Succinate/succinate’ pH=5.61
species decreases with increasingCIAccordingly, the ab- 2 —O— Citrateeitrate™ pH=4.77
sence of buffer or supporting salt decreases the hydrophobity of ,a'f» 14+ Y a formicfommate pHo3.75
. . . Q A =3.
the compound and some mobile phase adjustments are required 7
to achieve comparable retention times. DA hcheT ey
The adsorption isotherms of nortriptyline and amytriptyline 7- —%— Acetic/acetate pH=4.75
chloride (positively charged ions, used as antidepressors) were —#— Sueccinic/succinate p=A.16
also measured without buffer or supporting salts in the mobile 0.00 0.04 0.08 0.12 0.16
phase on a Discoverysgcolumn[70,71] They both exhibit the Cregatve charges [M]
same characteristics as propranolol, e.g., adsorbate—adsorbate
interactions take place in the stationary phase and a tri-Moreau 21- - —DO— Phihalate/phthalate® pH=4.75
model applies in all these cases. Again, the heterogeneity of the C,XTerra —=— Phthalic/phthalate’ pH=2.75
column is obvious with most of the adsorption sites being low- 5 —&— Citrate?fcilrate™ pH=6.39
energy sites (98%) and very few high-energy sites (2%) being S —0—H,PO,HPO," pH=6.75
avai|ab|e "E 144 —O—Citrale'lcilralez'pH:4.??
’ . . . . . —w— Neutral salt KCI
From a more practical point of view, it is possible to pre- .E 7 — . s o
. . . . . v
dict the overloaded band behavior of ionizable compound with £ Koff ﬁ/’:._formicno,mm pH=3.75
no buffer nor salt in the mobile phase in RPLC. As for neu- T LW—'—H?OJHJ’O& pH=2.75
.. . —&— Citric/citrate pH=3.14
tral compounds, their isotherm can be accurately measured by —%— Acelic/acetate pH=4.75
. . : - : 2-
FA (except at very low concentrations) and modeled with one —0— Succinate/succinate™ pH=5.61
. . . —e— Succinic/succinate pH=4.16
of the usual isotherm models. Highly concentrated solutions of 0
ionizable molecules can be prepared with the addition of other 0.00 0.04 0.08 012 0.16
chemicals in the mobile phase, which avoids the cumbersome C egative charges [M]

procedures required to remove the excess salt or buffer.

Fig. 25. Evolution of the retention factor of propranolol as a function of the
concentration of negative charges coming from the buffer anions on the Sym-
metry and XTerra columng; = 295 K. Note the influence of the nature of the

L . o buffer for a same concentration of negative charges and the non-dependence of
Whether the acidic or the basic forms of an ionizable cOM+he retention factor on the pH of the mobile phase. Reproduced with permission

pound has to be analyzed, any one of these forms can be selecteth [134] (Fig. ).

8.2. Adsorption isotherm and pH
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comparable retention factors for the two forms, the content opH units). Outside this pH domain, the retention of ionizable
the organic modifier is usually 10—20% higher for the elution ofcompounds is nearly independent of the pH and depends only

the neutral form than for that of the ionic forfh24,127] Typi-

on the nature of the buffer used when the ionic form of the com-

cally, the ratio of the retention factors of the acidic and the basipound forms an ion-pair with one of the bufferions. This effectis

forms of a compound is of the order of {T27]. When plotted

illustrated inFig. 25which shows the evolution of the retention

as a function of the pH, the retention factor of an acido-basidactor of propranolol (K5 ~ 9.2) as a function of the concen-

compounds vary sharply around th€ g(i.e., between g + 2

tration of different buffer systems. The pH range investigated
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Fig. 26. Evolution of the shape of the overloaded band profile of propranolol as a function of the concentration of supporting salts (KCI) in th&amebile p
(methanol:water, 40/60, v/v) on the XTerra column. Flow rate, 1 mL/hig; 295 K. Note the progressive “langmuirization” of the isotherm suggested by the
formation of a front shock and rear tailing at high salt concentrations. Reproduced with permissi¢h3igifrig. 4A) ©2004, American Chemical Society.
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was between 2.5 and 6.5. Because tkg pf this compound is 2.1+
much higher than the pH range investigated, no change should

be expected in the retention factor of the ion. Yet, the experi- : om
mental results show that the retention factor significantly varies

from one to another buffer (e.g., phthalate buffer compared to 1.4
other buffers) and that there is no correlation between the pH
and the retention factor. Instead, the nature of the buffer and the
hydrophobicity of its anion control the retention, based on the

formation of ion-pairs. 0.7

Naphthalene sulfonate (-)

C [gL]

8.3. Adsorption isotherm and ionic strength 0.1 M
The adsorption isotherms that best model the behavior of an 0.0 . . '\L .
ionizable compound in a chromatographic system with and with- 0 1000 2000

out a buffer in the mobile phase are fundamentally different. In Time [s]

the former case, a multi-Moreau isotherm including adsorbate—

adsorbate interactions applies. In the latter case, a simple multi- 1.2 oM

Langmuir isotherm with no lateral interactions describes well /
the adsorption behavior of the ion. A progressive increase of the

ionic strength of the mobile phase affects the adsorption behav- 0.9
ior. Experimental results showed that there is a link between the 0.002 M
two extreme situations (i.e., the absence and the presence of elec-
trolytes in the mobile phas§)28-131] As the concentration of

the supporting salt is increased, the adsorbate—adsorbate inter-
actions progressively vanish and the shape of the experimental 03
overloaded band profiles evolves accordindlig( 26). The in-

verse method for isotherm determination was used to extract

the best numerical values of the parameters of the bi-Moreau 0.0
isotherm model in the case of proprand®28-131] The re- o 3 & 8 12 {5  1s

sults confirmed this trend. Increasing the salt concentration leads Time [min]

to anincrease of the equilibrium constant on the low-energy sites

and to a decrease of the equilibrium constant on the high enerﬁg. 27. Effect of the concentration of the counter-ion (NaCl) on the retention of

Propranololium (+)

C [g/L]

0.6 1

sites. Anincrease of the two saturation capacities withincreasin® overloaded band profiles of naphthalene sulfonaté)&ad propranololium
I7). Note that the retention of low concentrations are poorly affected while

lonic strength is also Obse_rved' o the retention of high concentration are drastically increased. Reproduced with
As a general rule, an increase of the ionic strength of th@ermission fronj132] (Fig. 4).

solution leads to a shift of the elution band toward higher re-
tention times and to a significant broadening of the bdfig.( centrations. As shown iRig. 28 any buffer or supporting salts
27). This is true for anions and for catiofs32]. In both cases, with a valence | (e.g., buffer citrate |, pHI3! or supporting
this fact suggests the formation of neutral ion-pair complexessalts NaCl, KCl and Ca@) leads to triangle-shaped band pro-
which become more abundant at high salt concentrations (aées (i.e., a langmuirian profile) characteristic of convex upward
cording to the equilibrium constant between the ion-pair and thésotherms for the adsorption of a positively charged compound
free ion or common ion effect). Combining the effects of the(propranololium). When a two-times charged species is present
ionic strength and of the organic modifier concentration allowsn the solution (citrate Il, pH #7 or NaSQ) the shape of the
an easy adjustment of the retention of ionizable compounds. overloaded band profiles becomes characteristic of a S-shaped
isotherm, which mirrors the occurrence of adsorbate—adsorbate
8.4. Adsorption isotherm and buffer valence interactions. With a trivalent buffer (citrate 1l1), the shape of
the overloaded band profile becomes characteristic of an anti-
When the pH differs much from thekfy of the analyte, Langmuir isotherm, exhibiting a diffuse front and a rear shock.
changing it has little influence on the adsorption of ionizableThe higher the valence, the stronger the interactions between the
compounds. The concentration of the buffer, however, affectadsorbate molecules.
markedly the adsorption of ions. Yet, no systematic studies have The buffer molecules, which have more than one negative
demonstrated or even mentioned the role played by the valen@harge, can possibly bond to more than one positively charged
of the buffer. The main reason for that is that most studies usin@n. They create the conditions for the analyte to develop
buffers are dealing with linear chromatography. Recent studadsorbate—adsorbate interactions, like two neutral compounds
ies [125,131,133,134have clearly demonstrated that the va- would have in neat agueous organic solutions (ex: butyl benzene
lence of the buffer (I, Il or 1ll) can fundamentally change the in methanol:water). This results in a convex downward curvature
shape of overloaded band profiles recorded at high solute coffier the adsorption isotherm for a certain range of concentrations.
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data acquired in linear chromatography. The interpretation of
these data cannot recognize that retention depends on several
independent contributions and neglects the nature and the
extent of the heterogeneity of the surface of modern RPLC
packing materials because linear chromatography cannot
distinguish any of the individual contributions to retention. The
combination of the acquisition of FA data in a wide range of
concentrations, the isotherm modeling of these data, and the
calculation of the AED of probe compounds demonstrates that
nonlinear data are far more informative. These data are as re-
producible as linear data and we have shown that the numerical
parameters of the isotherm models accounting best for the data
obtained with any compound are highly reproducible. Several
important conclusions can be drawn from these nonlinear
data.

The surface of modern RPLC adsorbents are not homoge-
neous but are covered with different types of adsorption sites.
The low-energy type of sites are the most abundant. They
are located at the interface between the mobile phase and the
layer of bonded gg-chains. Other types of sites seem located
inside the Gg-bonded layer, more or less deep, which explains
a somewhat stronger retention. Depending on the difference
between their adsorption energy and that of the low-energy
sites (between +5 and +20kJ/moL), these quasi-partitioning
sites involve interactions with the alkyl chains that are similar
to the interactions taking place in solution, but which do so
in the electric field of the silica adsorbent, or interactions
with the siloxane or silanol groups of the silica support. The
abundance of these high-energy sites depends on the size of
the analyte selected. The larger the size of this analyte, the
most likely the chances to reveal new high-energy adsorption

Fig. 28. Effect of the valence of the counter anion forming ion pair complexessijtes in which the analyte fits snugly and is well embedded.

with propranololium on the shape of the overloading profile and the nature o
the isotherm. Monovalent, bivalent and trivalent anions generate langmuirial

n,

E:lg—bonded phases could be seen as a sort of imprinted phases,

S-shaped and antilangmuirian isotherms, respectively. (A) Supporting salts, (BV)VhiCh retains prEferentia”y certain analytes that have specific

buffers. Reproduced with permission froiti31] (Fig. 6) and[125] (Fig. 6)

©2004, American Chemical Society.

geometry to interact with the {g chains macro-environment.
This model of RPLC silica packing materials are supported by
the observations made with phenol, caffeine, and a few other
molecular probes on a large number afg®onded stationary

As a conclusion, all buffers should be expected to have difphases. It explains well why the retention of caffeine is less than
ferent effects on isotherms, retention, and band profiles, despitaat of phenol while it has a larger molecular mass and a larger
the fact that they are used at the same or similar concentratiomgdrophobicity. The paradox of their retention order is ex-
and at the same or close pH. The hydrophobicity of the co-ionplained when the heterogeneity of thegonded layer and the
the extent of charge delocalization, and the valence of the buffedifferent properties of the adsorption sites found are taken into
ions involved affect the retention and the adsorption isotherm ofccount.
positively or negatively charged analytes, based on ion-pairing The retention mechanism in RPLC is based on the simul-

formation in the liquid phase. Because ionizable compoundganeous adsorption and partition of the analyte on and inside
also exist under the neutral ion-pair form, the saturation capaahe hydrophobic layer. This conclusion has already been sug-
ities found for ions are not drastically different from those of gested[17] but it could not be demonstrated for the lack of
neutral compounds. Saturation capacities usually increase witiigh concentrations data. Because FA data can be measured in
the concentration of co-ions and the loading capacity of RPLGhe linear range and up to concentrations close to the solubil-
columns is of the same order of magnitude whether neutral aty of the analytes, they permit the identification of the several
ionizable compounds are injected. contributions to the retention of analytes. Their use demon-
strates clearly the validity of these early suggestions. In ad-
dition, FA permits a direct quantitation of the relative abun-
dance, of the adsorption energy, and of the adsorption con-
The conclusions of most works dealing with retentionstants of each type of sites, and of the range of concentrations
mechanisms in RPLC are based on the analysis of retentionithin which each of these types fills up. The presence of high-

9. Conclusion
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energy sites that are filled at very low concentrations is a seriousf investigations of the influence of all the parameters of the
source of troubles because they strongly affect retention timemanufacturing process of RPLC packing materials on their
at low concentrations and prevent from acquiring reproduciblgperformance.

retention data for an analyte since, even at very low concen-

trations, its retention time may depend strongly on the samplg cknowledgments
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